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Figure 2-6 Immune cells in post treatment homogenate. Histology (H&E staining) of post
treatment homogenate reveals infiltration of immune cells such as (A) lymphocytes, (B)
macrophages, (C) neutrophils and (D) eosinophils at 3 days post histotripsy as well as scattered
residual small vessels, fibroblasts, and other inflammatory cells...........ccccceeeviieeiiieeciiecieee, 61

Figure 2-7 Survival Analysis. Kaplan — Meier survival demonstrates the survival outcomes for
the entirely ablated and the control mice. In general, mice in entire targeted group C survived
significantly longer than the untreated control mice group D (p =0.039). ...cccoeviiiiiniiiiniincennn. 62

Figure 2-8 Effect of histotripsy on adjacent tissue. (A) Immediately post histotripsy, a focal
area of edema and erythema was noted along the skin surface at the site of treatment due to lack
of margin on the near end of the tumor secondary to the subcutaneous location, which abutted
the skin surface. Focal scab was formed on the surface of the skin at the treatment site, which
resolved completely within 2-3 weeks post-treatment. (B) Immediate post-treatment imaging
demonstrates an increased T2 signal seen within 50% of the muscle just adjacent to the ablation
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Figure 3-1 Study Protocol: Histotripsy ablation (either partial or entire tumor) was performed
once the tumor measured a minimum of 5 mm in the largest diameter. The survival groups A, B,
and C were survived and monitored weekly using MRI for up to 3 months post treatment or until
the maximum tumor diameter exceeded 25 mm. The acute rats (group D) were euthanized
immediately after ablation. For the partial ablation groups A and D, 50 - 75% of the tumor
volume was ablated by histotripsy. In the entire tumor ablation group B, the entire tumor with
additional margin was targeted for ablation. Animals in control group C received no treatment.79
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Figure 3-2 Histotripsy Setup and Procedure. (A) Histotripsy therapy transducer, driven by
custom-built driver electronics, is interfaced with a computer which delivers histotripsy pulses to
generate focal cavitation. Single focus is scanned to cover desired target volume by using
motorized positioner to control movement of the therapy transducer and the imaging probe. (B)
The 1 MHz histotripsy therapy transducer constructed as an 8-element ring configuration with
the coaxially aligned imaging probe in the center (C) Ultrasound imaging of the rat liver and
tumor was performed prior to placing the rat on the treatment platform to determine tumor
location. The tumor location is marked before the rat is placed on the treatment platform, which
contains an aperture to allow the tumor region intended for treatment to be immersed in water
(ultrasound coupling medium). (D) Generation of hyperechoic cavitation cloud (yellow arrow,
two small circles mark the axial extent of the cavitation) in liver tumor (dashed- lines)............. 83

Figure 3-3 Histotripsy Tumor Response and Survival Outcomes. (A) Local tumor regression
was observed in 9/9 complete ablation cases and 5/6 partial ablation cases irrespective of large
tumor volume (>200 mm3) or small tumor volume (<200mm3) as measured at the pre-treatment
timepoint (week 0). In contrast, 3/6 control animals demonstrated steady tumor progression
while the other 3/6 control animals demonstrated spontaneous regression of their tumors.
Individually scaled y-axes are used to more clearly illustrate changes in tumor size. (B) Kaplan
Meier survival curve comparing survival outcomes in control, partially ablated, and completely
ablated groups. All animals still surviving at 12 weeks were euthanized due to reaching the study
endpoint (3 months) in the ProtoCol..........cciiiiiiiiiiiiii e 90

Figure 3-4 Tumor Response to Histotripsy on T2-weighted MRI. The size and appearance of
tumor (yellow arrow) in response to complete and partial histotripsy ablation is observed at
different timepoints. (A) Complete ablation - pre-treatment (mildly hyperintense), post treatment
ablation zone (hypointense), ablation zone at week 1 (mildly hyperintense), week 3 (mildly
hypointense, size regression), week 7 (hypointense, size regression) and week 12 (<5 mm
hypointense region) (B) Partial ablation - pre-treatment (mildly hyperintense), post treatment
ablation zone (hypointense, shown by red dashed lines) and untreated tumor region (mildly
hyperintense), lesion at week 1 (mildly hyperintense) with pseudoprogression characteristics
(blue arrow), week 3 (mild hyperintense, size regression), week 7 (hypointense, size regression),
and week 12 (~5 mm hypointense region). (C) Partial ablation with a separate untreated nodule
(red arrow) — ablation zone and untreated nodule at week 1 (mildly hyperintense), week 3
(mildly hyperintense with no size progression), week 7 (hypointense, size regression) and week
12 (<3 mm hypointense region). (D) Partial ablation with adjacent untreated nodule (red arrow) -
ablation zone at weeks 1-3 shows a central hyperintense zone (yellow arrow) surrounded by
heterogeneous hypointense zone (blue arrow). The untreated nodule (red arrow) increases in size
over weeks 1-3 and demonstrates mildly T2-hyperintense signal. In animals demonstrating
regression, the hypointense region at the original tumor site observed on ~3 month MRI,
indicates near complete resolution of the tUMOT. .........cceeeiiiiiiiiiiiiiiieeee e 92

Figure 3-5 Control Tumor Evolution on MRI. (A) Control tumor (yellow arrow) demonstrates
satellite nodules along the periphery of the primary tumor (red arrow), which eventually
contribute to tumor progression. (B) Control tumor (yellow arrow) develops a mottled and
heterogeneous appearance, similar to that of pseudoprogression by week 3, and regresses as
evidenced by decreasing tumor burden at weeks S and 12........cccceeviiieiiiieiiie e, 94
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Figure 3-6 Representative Histology Images. (A) Control HCC at 3 weeks demonstrating
progression, shows viable tumor T with prominent region of necrosis N. (B) Partial ablation on
day 0, the ablation zone A is comprised mainly of extravasated red blood cells and fibrin, and is
surrounded by regions of inflammatory cells I and regions of viable tumor T. (C) Partial ablation
at 12 weeks demonstrating tumor bed completely replaced by scar tissue S and scattered areas of
dystrophic calcification CZ within the ablated region with a thin rim of inflammatory cells I
separating the ablated zone from normal liver L and no evidence of viable tumor. (D) Complete
ablation at 3 months demonstrating tumor regression, and replacement by scar tissue S with
scattered dystrophic calcification CZ and a thin rim of inflammatory cells I. No evidence of
viable residual tumor in the surrounding normal liver L. (E) Control tumor at 3 months
demonstrating complete tumor regression, scattered inflammatory cells surrounding scar tissue S
and dystrophic calcification CZ at the original tumor site. No evidence of viable residual tumor
in the surrounding normal liver L. (F) Partial ablation at 3 weeks demonstrating tumor
progression. Viable tumor T is observed with some regions of necrosis N. Timepoints are
measured from the histotripsy treatment time as Week O...........cccovveeviiieriieenieeieecee e 97

Figure S3-1 Generation of treatment ellipsoid for histotripsy targeting and 3D scan path.
(A) The treatment ellipsoid (yellow) encompasses the entire 3D tumor volume to be targeted for
ablation with additional margin up to 2mm (green) and contains a grid of uniformly spaced
therapy focal zones (blue dots), which determines the 3D scan path. (B) For partial ablation
cases, only part of the tumor volume (yellow) is targeted for ablation and the rest (black) is left
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Figure S3-2 T2W MRI appearance of histotripsy treated tumor at select timepoints
compared to pre-treatment viable tumor for complete and partial ablation cases. At week 3,
the lesion begins to regress, resulting in T2 hypointense signal at the ablation site by week 7. The
tumor continues to regress until week 12, but there is no further observable change in signal
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Figure S3-3 T2W MRI appearance of histotripsy treated tumor (complete ablation) at all
timepoints. Complete ablation - pre-treatment (mildly hyperintense), post treatment ablation
zone (hypointense), ablation zone at weeks 1-2 (mildly hyperintense), weeks 3-6 (mildly
hypointense, size regression), weeks 7-12 (hypointense, size regression) with <5 mm
hypointense region observed at final imaging timepoint. This figure demonstrates all imaging
timepoints for the case demonstrated in Figure 4-4A. .......cccooiviieiieniiinieiie e 110

Figure S3-4 T2W MRI appearance of histotripsy treated tumor (partial ablation) at all
timepoints. Partial ablation - pre-treatment (mildly hyperintense), post treatment ablation zone
(hypointense, shown by red dashed lines) and untreated tumor region (mildly hyperintense), the
lesion at week 1 (mildly hyperintense) with pseudoprogression characteristics (blue arrow), week
2 (mildly hyperintense), week 3 (mildly hyperintense, size regression), weeks 4-12 (gradual
transformation to hypointense, size regression), and week 12 (~5 mm hypointense region). This
figure demonstrates all imaging timepoints for the case demonstrated in Figure 4-4B. ............ 111

Figure S3-5 T2W MRI appearance of histotripsy treated tumor (partial ablation with
separate untreated nodule) at all timepoints. Partial ablation with a separate untreated nodule
(red arrow) — the lesion consisting of ablation zone and untreated nodule at weeks 1-2 (mildly
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hyperintense), week 3 (mild hyperintense with no size progression), weeks 4-12 (hypointense,
size regression) and week 12 (<3 mm hypointense region). This figure demonstrates all imaging
timepoints for the case demonstrated in Figure 4-4C. ........cooovviiiiiiiiece e 112

Figure S3-6 T2W MRI appearance of control tumor at all timepoints. Control tumor (yellow
arrow) develops a mottled and heterogeneous appearance, similar to that of pseudoprogression
by week 3, and begins to regress as evidenced by decreasing tumor burden until week 12. By
week 7, the appearance of the tumor becomes hypointense and this appearance is maintained
until week 12. This figure demonstrates all imaging timepoints for the case demonstrated in
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Figure 4-1A) Histotripsy Setup. The rodent histotripsy treatment setup consisted of an 8
element 1MHz therapy transducer delivering 1-2 cycle pulses at P-> 30 MPa and 100 Hz PRF. A
coaxially aligned 20MHz imaging probe was used for real time ultrasound-guidance. Both
transducers were mounted to a motorized positioning system and immersed in a tank of degassed
water (coupling medium). The animal was placed in a prone position on a platform to allow the
intended target region to submerge. B) Generation of hyperechoic cavitation cloud in liver
tumor. The ablated tumor region appears hypoechoic compared to surrounding liver parenchyma.
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Figure 4-2 Survival Outcomes. Kaplan Meier survival curve indicates significant difference in
survival outcomes of histotripsy-treated animals vs untreated controls for tumor progression (p <
0.0001). ‘+ Censored’ indicates that observations are right censored as n=2/11 histotripsy
animals still surviving at 7 weeks with no observable tumor were euthanized due to COVID
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Figure 4-3 Representative T2- weighted MR images for (A) untreated control, (B) histotripsy-
treated tumor showing complete regression, and (C) histotripsy-treated tumor with local tumor
progression. (A) Untreated control tumor appeared hyperintense compared to surrounding liver
parenchyma at pre-treatment timepoint, developed metastases at week 1 which grew aggressively
by week 2. White arrows show the tumor location. (B) Post-ablation, the ablated region appears
hyperin-tense (yellow arrow) compared to untargeted tumor (blue arrow) likely due to edema
(image acquired 8 hours post treatment). By week 2, tumor appeared to regress (blue arrow) and
was undetectable week 3 onwards. (C) Post-ablation, the ablated region (yellow arrow) appears
hy-pointense (image acquired within 2 hours post treatment). At week 2, the tumor did not show
signs of size regression (blue arrow). Local tumor progression and metastases were observed by
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Figure 4-4 H&E-stained representative images for (A) untreated control, (B) histotripsy-
treated tumor showing complete regression, and (C) histotripsy-treated tumor with local tumor
progression (L: Liver, A: Ablation Zone, T: Tumor). For each row, the first panel shows a low-
magnification view of the entire tissue section, with an identified region of interest (ROI), the
second and third panel show the ROI at higher magnifications. (A) Control tumor — Week 1:
Intra-hepatic tumor progression and metastases are observed in the untreated control. Tumor
growth occupied most of the liver lobe. (B) Histotripsy treated tumor — Week 12: In a treated
tumor demonstrating regression, ~Imm scar tissue with scattered dystrophic calcification in the
ablation zone (white arrow) and inflammatory cells (black arrow) within and surrounding the
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ablation zone are observed. (C) Histotripsy treated tumor — Week 6: In a treated tumor
demonstrating local tumor progression, multinodular tumor growth is observed. Collagenous
tissue with scattered dystrophic calcification is observed in the ablation zone (white arrow). A
few inflammatory cells are seen in the ablation zone (black arrow). ..........ccoeceevieiciienieniennen. 129

Figure 4-5 Trichrome-stained representative images for (A) untreated control tumor (Day 2),
(B) histotripsy-treated tumor (Day 2), (C) untreated control tumor (Day 7), (D) histotripsy-
treated tumor (Day 7), and (E) scant histotripsy-treated (<25% tumor volume ablated) tumor
(Day 7). All days are measured from the histotripsy-treatment timepoint. (L: Liver, A: Ablation
Zone, T: Tumor). (A) Control - Day 2: Nodular tumor extensions from the primary nodule are
observed (black arrows), areas of collagen deposition are observed in the tumor core (white
arrow). (B) Histotripsy - Day 2: The ablation zone can be distinguished from the untreated
residual tumor region. A metastatic nodule is observed (white arrow). The ablation zone consists
of mostly acellular debris with scattered red and white blood cells (black arrow). (C) Control -
Day 7: Local tumor progression of the primary tumor and multiple metastatic nodules is
observed, colonizing most of the liver lobe. Tumor cells at the periphery demonstrate invasive
characteristics (white arrow), at the location where a thin rim of collagenous tissue separating the
tumor from normal liver is breached (black arrow). (D) Histotripsy - Day 7: Tumor is replaced
by scar tissue with areas of dystrophic calcification (black arrow), substantial infiltration of
inflammatory cells, and few red blood cells. No viable tumor cells are observed. (E) Scant
Histotripsy - Day 7: Local tumor progression of the primary tumor and a metastatic nodule
(black arrow) are observed with an area of scar tissue within the ablation zone. The ablation zone
contains red blood cells and collagen. Inflammatory cells are observed mainly at the periphery of
the ablation zone, but not at the core of the ablation zone............cccoovvevvvvieiiiiiiiii s 131

Figure 4-6 Representative multiplex immunohistochemistry images at 20X magnification
showing immune cell infiltration in (A) untreated control (Day 2), (B) histotripsy-treated tumor
(Day 2), (C) untreated control (Day 7), (D) histotripsy-treated tumor (Day 7) and (E) scant
histotripsy-treated (<25% tumor volume ablated) tumor (Day 7) at the tumor periphery (top) and
tumor core (bottom). All days are measured from the histotripsy-treatment timepoint. (L: Liver,
A: Ablation Zone, T: Tumor). The samples were stained for DAPI (blue), CD11b (green), CD8
(red) and NK (pink). (A) Control - Day 2: There is minimal immune infiltration at the core of the
untreated control tumor. (B) Histotripsy - Day 2: At the periphery, increased infiltration of
CD11b+ and NK cells is observed, NK cells are also observed at the core of the ablation zone.
(C) Control - Day 7: There is some infiltration of CD8+ cells at the periphery, but no substantial
infiltration is observed at the tumor core. (D) Histotripsy — Day 7: NK and CD8+ cells infiltrated
the tumor periphery and were also detected at the core of the ablation zone. (E) Scant Histotripsy
- Day 7: Some CD8+ and NK cells are observed at the un-targeted tumor-liver interface, but no
substantial infiltration is observed in the ablation Zone. ............ccooceeiiiiiiiiiiniiiieeeeeeee, 133

Figure 4-7 Representative multiplex immunohistochemistry images showing epithelial and
mesenchymal markers in (A) untreated control (Day 2), (B) histotripsy-treated tumor (Day 2),
(C) untreated control (Day 7), (D) histotripsy-treated tumor (Day 7), and (E-F) scant histotripsy
treated (<25% tumor volume ablated) tumor (Day 7). All days are measured from the histotripsy-
treatment timepoint. The samples were stained for DAPI (blue), E-cadherin (green), N-cadherin
(red) and vimentin (pink). (L: Liver, A: Ablation Zone, T: Tumor). In all panels, N-cadherin is
expressed at the plasma membrane of hepatocytes. (A) Control - Day 2: Vimentin is weakly
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expressed within the control tumor. (B) Histotripsy - Day 2: Vimentin expression is upregulated
at the ablation zone periphery. (C) Control - Day 7: Vimentin expression is upregulated at the
control tumor periphery. (D) Histotripsy - Day 7: Vimentin is up-regulated within the ablation
zone, E-cadherin is ex-pressed at the ablation zone periphery. (E) Scant Histotripsy - Day 7:
Vimentin is expressed at the untreated tumor-liver interface. (F) Scant Histotripsy - Day 7:
Vimentin is expressed in the periphery of the ablation zone at the ablation zone-untreated tumor
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Figure 5-1 Response to Histotripsy. (A) Histotripsy ablation resulted in suppression of local
tumor growth. (B) No significant differences in body weight were observed following histotripsy
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Figure 5-2 Histotripsy promotes intratumoral CD8+ T cell infiltration. (A, B) Fluorescence-
activated cell sorting (FACS) analysis of tumor-infiltrating lymphocytes (TIL) on day 3 (D3) and
day 10 (D10) after treatment (gated on viable lymphocytes) demonstrated higher percentages of
intratumoral CD8+ T cell infiltration after histotripsy by day 10. (C) Stimulation of CD8+ TIL
remained significant on day 10 when cell numbers were normalized to tumor volume. (D) FACS
analysis of TIL on day 10 after treatment also identified marked increases in intratumoral
populations of NK 1.1+ natural killer cells, CD11c+ dendritic cells, Ly6G+ neutrophils, F4/80+
macrophages, and CD19+ B cells after histotripsy. (E) Staining with major histocompatibility
complex (MHC) tetramers loaded with the minor melanoma antigen GP33 and the major
melanoma antigen GP100 identified significant increases in intratumoral populations of
melanoma antigen-specific CD8+T cells. (n=4-8 per group; *p<0.05 vs control by t-test). ..... 156

Figure 5-3 Non-thermal histotripsy is capable of releasing immunogenic tumor neoantigens.
C57BL/6 mice were inoculated with B16F10 or B16GP33 subcutaneous tumors, then treated
with sham or histotripsy ablation (HT) on day 10. Tumors were excised and sham-treated tumors
were liquefied using three freeze—thaw (F/T) cycles consisting of 2 min in liquid nitrogen and

2 min in a 60°C water bath. Liquefied tumors were exposed to CD8+ T cells isolated from the
spleens of C57BL/6 mice 8 days after LCMV infection (at which time small populations of
GP33-specific effector CD8+ T cells exist) in the presence of interleukin-2 and brefeldin A.
Negative controls consisted of CD8+ T cells alone (no peptide) and positive controls consisted of
CD8+ T cells exposed to 0.01 pg/mL GP33 peptide (GP33 peptide). After 5-hour incubation,
individual (A) and group (B) fluorescence-activated cell sorting (FACS) analyses of intracellular
IFNy expression (gated on viable lymphocytes) demonstrated that exposure to histotripsy-treated
B16GP33 tumors was the only experimental condition capable of stimulating GP33-specific
CD8+ T cells in vitro. The magnitude of this stimulation was approximately half of that seen
with direct exposure to GP33 peptide (n=4 per group, *p<0.05 vs negative control by t-test;
p<0.05 vs all other experimental groups by analysis of variance). IFNy, interferon gamma;
LCMYV, lymphocytic ChOriomenINGItiS VITUS. ......ccveeerveeerieeeiieesieeesieeesaeeessseeessseesssseessseeessseens 157

Figure 5-4 Histotripsy promotes regional and systemic tumor-specific CD8+ T cell
responses. C57BL/6 mice were inoculated with B16GP33 subcutaneous tumors expressing very
low levels of GP33 peptide, then treated with no therapy (control) or histotripsy ablation on day
10, tumors were harvested 10 days later. (A, B) FACS analyses demonstrated a trend toward
larger percentages of CD8+ T cells with TCR specificity for the melanoma neoantigen GP33 in
tumor-draining lymph nodes (TDLN) but not non-tumor-draining lymph nodes (NTDLN) after
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histotripsy. (C, D) FACS analyses of splenocytes (gated on viable lymphocytes) demonstrated
higher numbers of circulating CD8+ T cells with T cell receptor (TCR) specificity for the minor
melanoma antigen GP33 after histotripsy. (E) Histotripsy was also associated with a higher ratio
of circulating melanoma-specific CD8+ T cells to regulatory CD4+ T cells (n=4 per group,
FP<0.05 VS CONLTOL DY t-EEST). 1eeeuvriieiiieiiiieeiie ettt et e ettt s e e st e e eaeeesabeeesaeeenseeesnseeennns 159

Figure 5-5 Histotripsy promotes abscopal CD8+ T cell responses. Seven days after bilateral
B16GP33 melanoma tumor inoculation, C57BL/6 mice were treated with unilateral sham or
subtotal histotripsy tumor ablation. FACS analysis of TIL populations 10 days after treatment
identified (A) significantly stronger intratumoral CD8+ T cell infiltration in contralateral,
untreated tumors after histotripsy. (B) FACS analysis of histotripsy-ablated (HT ablated) and
contralateral non-ablated tumors (HT abscopal) identified comparable levels of intratumoral
CD8+ T cell infiltration (C) Quantitation of CD8+ T cells using immunohistochemistry (defined
as the average number of CD8+ T cells per 500 um2 area for a minimum of five non-overlapping
fields from two independent samples) on days 3, 5 and 7 after sham or histotripsy ablation
showed small and diminishing CD8+ T cell numbers over time in control tumors, rapidly
increasing CD8+ T cell numbers in histotripsy-ablated tumors, and gradually increasing CD8+
T cell numbers in contralateral non-ablated tumors. (D) Immunohistochemistry and (E)
immunofluorescence staining of CD8 confirmed similar levels of CD8+ T cell infiltration
between histotripsy-ablated (HT ablated) and contralateral non-ablated tumors (HT abscopal),
but with different patterns of infiltration. Whereas CD8+ T cells were largely localized to
peripheral areas that surrounded ablation zones in histotripsy-ablated tumors, CD8+ T cell
infiltration was more diffuse and homogeneous in contralateral non-ablated tumors. (F)
Comparison of tumor growth between treated and contralateral non-treated tumors showed that
histotripsy was associated with a modest but significant abscopal inhibition of contralateral
tumor growth. (G) This abscopal inhibition of contralateral tumor growth by histotripsy was
associated with significant prolongation of survival (n=4 per group and 23 per group in survival
experiments, *p<0.05 vs control by t-test; Tp<0.05 vs all other groups by analysis of variance).
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Figure 5-6 Histotripsy inhibits the development of distant pulmonary metastases. C57BL/6
mice were inoculated with flank and intravenous inoculations of B16GP33 melanoma on days 0
and 3, respectively. Sham (control) or histotripsy (HT) of flank tumors was performed on day 10,
and pulmonary metastases were quantified by visual inspection on day 20. Representative
specimens (A) and group data (B) demonstrated significantly fewer pulmonary metastases in
mice treated with flank tumor histotripsy ablation. (C) Immunohistochemical analysis
demonstrated smaller tumor size and more concentrated CD8+ T cell infiltration among
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Figure 5-7 Histotripsy promotes local and systemic inflammatory events. (A-C) FACS
analyses demonstrated significantly larger populations of circulating NK 1.1+ natural killer cells
and a trend toward larger populations of Ly6G+ neutrophils ten days after histotripsy. (D)
Immunofluorescence analyses of tumors confirmed colocalization of CRT with the endoplasmic
reticulum protein ERp72 (data not shown); 1 day after histotripsy ablation, DAPI staining
identified marked nuclear condensation and translocation of calreticulin (CRT) to the plasma
membrane (outlined in green) consistent with apoptosis induction. (E, F) Immunofluorescence
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analyses of tumors (40X magnification) showed significant increases in levels of extracellular
high mobility group box protein 1 (HMGB1) on days 1 (early) and 7 (late) after histotripsy. (G)
By day 7 after histotripsy, enzyme-linked immunosorbent assays of serum identified
significantly higher levels of circulating HMGB1. (n=3 per group, * p<0.05 vs. control)....... 164

Figure 5-8 Histotripsy augments the therapeutic efficacy of checkpoint inhibition. C57BL/6
mice bearing bilateral BI6GP33 tumors were treated with or without anti-CTLA-4 mAb on days
3, 6 and 9, and with or without unilateral histotripsy tumor ablation on day 10. (A) Serial tumor
measurements demonstrated optimal suppression of non-ablated tumors in mice receiving
combination therapy. (B) When measured as a percentage of TIL, intratumoral CD8+ T cells
were increased in non-ablated tumors in all treatment groups; (C) however, when measured as
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combination therapy. (n=4 per group; *p<0.05 vs control by t-test; Tp<0.05 vs histotripsy by t-
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Figure 6-1 Response to Histotripsy. Histotripsy ablation resulted in suppression of local tumor
growth in both (A) HepG2 and (B) HCA-1 tumor models as compared to control. Histotripsy
was performed at week 0. For the repeat histotripsy group, the second treatment was performed
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Figure 6-2 Survival Outcomes. Kaplan Meier survival curve indicates significant difference in
survival outcomes of histotripsy-treated animals vs untreated controls in both (A) HepG2 and (B)
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Figure 6-3 Comparison of HepG2 tumor progression on T1-weighted MRI. Representative
T1 weighted MRI images show tumor response. In the repeat histotripsy group, tumor was
treated again at week 1 timepoint. Local tumor control is observed 1-2 weeks following
histotripsy treatment, however local tumor progression is observed in the control animal. ...... 185
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Abstract

Liver cancer, including hepatocellular carcinoma (HCC) is one of the top ten causes of
cancer related deaths worldwide and in the United States. The liver is also a frequent site for
metastases originating from colorectal cancer, pancreatic cancer, melanoma, lung cancer and
breast cancer. Depending on the location, severity and staging of liver cancer, multiple treatment
options are currently available including surgical resection, liver transplantation, chemotherapy,
radiation therapy, targeted drug therapy, immunotherapies, and ablation techniques including
radiofrequency ablation (RFA), microwave ablation (MWA), cryoablation, high intensity
focused ultrasound (HIFU), yet the prognosis of HCC remains poor with five-year survival rates
reported at only 18% in the US. Even after treatment, the high prevalence of tumor recurrence
and metastasis highlights the clinical need for improving outcomes of liver cancer.

Histotripsy is a novel non-invasive, non-ionizing, and non-thermal ablation technique that
mechanically destroys target tissue by controlled acoustic cavitation. High pressure (focal peak
negative pressure P- >30MPa), microsecond-length ultrasound pulses cause endogenous
nanometer-scale gas nuclei in the target tissue to rapidly expand and collapse, generating high
mechanical stress and strain to disrupt the cellular structure into an acellular homogenate. This
dissertation presents histotripsy as a therapeutic ultrasound technology for effective treatment of
liver cancer and other solid tumors.

The first study evaluated the safety and feasibility and survival benefits of histotripsy for
in vivo tumor ablation. Results showed that non-invasive histotripsy ablation reduced local

tumor progression of subcutaneous human-derived HCC tumor and improved survival outcomes
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in immunocompromised mice. This study also characterized the radiological features correlating
to the histotripsy tumor response.

The second study evaluated the safety, feasibility, and tumor volume reduction effects of
histotripsy for liver cancer ablation in an orthotopic, immune-competent in vivo rat HCC model.
For the first time, it was demonstrated that complete as well as partial histotripsy ablation of
tumors can result in complete tumor regression with no recurrence.

The third study evaluated the effects of partial histotripsy tumor ablation on tumor
response, risk of metastases and immune infiltration in an orthotopic, immunocompetent,
metastatic rodent hepatocellular carcinoma (HCC) model. Results showed that histotripsy
significantly improved survival outcomes with no increased risk of metastasis compared to
controls and demonstrated that augmented tumor immune infiltration may have contributed to
the eventual regression even with partial treatment of tumors.

The fourth study evaluated the anti-tumor immune response generated by histotripsy
ablation of subcutaneous murine melanoma and HCC tumors. Histotripsy stimulated potent local
intratumoral infiltration of innate and adaptive immune cell populations, promoted abscopal
immune responses at untreated tumor sites and inhibited growth of pulmonary metastases.
Histotripsy was capable of releasing tumor antigens with retained immunogenicity and was able
to amplify the efficacy of checkpoint inhibition immunotherapy.

The fifth study compared the tumor response and survival outcomes with single and
repeat histotripsy treatment in human-derived and mouse HCC murine models. One week after
the initial histotripsy treatment, animals received a repeat histotripsy treatment. Results showed

that both histotripsy groups significantly improved survival outcomes over control.
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Overall, this dissertation demonstrated the potential of histotripsy for successful non-
invasive tumor ablation, reduction of local tumor burden and prevention of metastasis. Future
studies will continue to investigate the safety, efficacy, and biological effects of histotripsy for

potential translation to clinic.
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Chapter 1 Introduction

This dissertation is focused on the investigation of pulsed cavitational ultrasound therapy
(histotripsy) as a noninvasive ultrasound ablation therapy with primary emphasis on the
treatment of liver cancer. This dissertation also contains preliminary investigations into
histotripsy mediated immunomodulatory effects in melanoma and liver cancer. Although focused
primarily on HCC, the insights, and technical developments can be translated to the treatment of
other solid tumors (e.g., pancreatic and breast cancer). The dissertation is presented in five main
parts: 1) The in-vivo feasibility and safety concerns for tumor ablation using histotripsy are
investigated through subcutaneous mouse tumor model with characterization of long-term
radiological observations. 2) The safety, feasibility, and survival outcomes of complete and
partial histotripsy ablation in an orthotopic rodent liver tumor model. 3) Investigation of partial
histotripsy ablation on the risk of metastasis development in an orthotopic rodent liver tumor
model. 4) The first investigation into immune effects induced by histotripsy in subcutaneous
HCC and melanoma tumor models. 5) Preliminary evaluation into safety concerns for repeat
histotripsy ablation. This chapter will give a brief background of liver cancer and current
clinically available treatment options followed by a brief introduction cancer immune therapy
and context for the immunomodulation studies contained within this dissertation. This is
followed by an overview of histotripsy therapy, the histotripsy system used in this dissertation
and the anticipated role of histotripsy in clinical HCC treatments in future. This chapter will then

be concluded with an outline of the dissertation, which provides an overview of each chapter.

26



1.1 Liver Cancer

Liver cancer is one of the top ten causes of cancer related deaths worldwide and in the
United States [1]. Hepatocellular carcinoma (HCC) accounts for >75% of all liver cancer cases,
most frequently occurring in patients with chronic liver diseases from etiologies such as hepatitis
B and C, alcohol abuse, non-alcoholic steatohepatitis (NASH) and non-alcoholic fatty liver
disease (NAFLD) resulting in cirrhosis [2]. When diagnosed at intermediate or late stages, HCC
may present as multinodular due to synchronic carcinogenesis or early intra-hepatic spread, and
has also been observed to invade the portal or hepatic veins [3]. The liver is also a frequent site
for metastases originating from colorectal cancer, pancreatic cancer, melanoma, lung cancer and
breast cancer [4]. Despite the availability of multiple treatment options, the prognosis of HCC is
poor with five-year survival rates reported at only 18% in the US [1]. Symptoms associated with
liver cancer may not show at early stages, placing the patients at an increased risk for nodal and
distant metastases which further lowers their 5-year survival rate to an estimated 3-11% [5].
Even after treatment, high prevalence of tumor recurrence and metastasis [6] highlights the
clinical need for improving outcomes of liver cancer. In fact, metastasis accounts for >90% of all
cancer-associated deaths and metastatic progression is predominantly regulated by the complex
signaling pathways between the primary tumor and stromal cells, especially the immune cells [7,

8].

1.2 Current Treatment Modalities

Currently, curative treatment options for HCC include surgical resection, liver
transplantation or thermal ablation [6, 7, 9]. Surgical resection and liver transplantation are the
first-choice treatments, but only a small percentage of patients qualify depending on the severity

of underlying liver disease, other medical co-morbidities, or extent of their HCC [8, 10, 11]. The
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Barcelona-Clinic-Liver Cancer (BCLC) classification is one of the main clinical algorithms for
the stratification of patients according to HCC stages. Local ablation therapy is considered as a

conventional treatment option for patients with early stage hepatocellular carcinoma (HCC)
according to BCLC [12]. Such options include radiofrequency ablation (RFA), microwave

ablation (MWA), cryoablation, and percutaneous ablation and stereotactic body radiotherapy
(SBRT) [13, 14]. Patients with intermediate-stage HCC, characterized by multinodular disease
but preserved liver function are typically treated with chemoembolization and radioembolization
strategies such as TACE (transarterial chemoembolization) and TARE (transarterial
radioembolization)[15]. However, each locoregional therapy also has limitations based on tumor
location and extent of disease, as well as morbidity based on degree of underlying liver
dysfunction secondary to cirrhosis [16-19]. Thermal ablation modalities often suffer from
inconsistent heat dissipation due to heat sink effect and achieve inefficient, incomplete tumor
necrosis especially in hepatic tumors [20-22]. The heat sink effect refers to ineffectual ablation
observed in thermally ablated lesions that are within 1 cm of a blood vessel >3 mm in diameter
because of the cooling effect exerted by the flowing blood which acts to shrink the ablation
volume [23]. Thermal ablation methods are also less suitable for ablating larger tumors (>3 cm)
due to longer treatment times and potential complications resulting from thermal injuries [24-
27]. Since cancer therapies such as radiation, chemotherapy and thermal ablation destroy tumor
and surrounding tissues via necrosis, an inflammatory immune response can be triggered which
may be either pro-tumor or anti-tumor depending on the tumor microenvironment and the
expression of immune mediators and modulators [28-31]. Cryoablation destroys target tumor by
causing direct cellular injury and indirect cellular death by arteriovenous injury with extremely

low temperatures but has been associated with adverse outcomes such as cryoshock syndrome,
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liver failure, thrombocytopenia amongst others [32, 33]. Yet, cryoablation has demonstrated anti-
cancer immune responses, likely because the intact intracellular contents of cryoablated tumor
cells induce an immune-specific reaction [34]. There is ongoing interest in combining various
therapies in the adjuvant setting to maximize therapeutic efficacy against HCC.

High intensity focused ultrasound (HIFU) is a non-invasive thermal ablation method
guided by real time magnetic resonance imaging (MRI) or ultrasound that has been investigated
to treat liver tumors [35], however it has drawbacks related to the heat sink effect, ablating
through rib obstruction, respiratory motion, and long procedure times [36]. Additional
complications such as unintentional tissue damage due to overheating of ribs and surrounding
tissue, skin burns, and subcostal edema have been reported with HIFU [37, 38]. There is pre-
clinical and clinical evidence to suggest that HIFU could elicit a systemic anti-tumor immune
response[39].

Finally, there are palliative therapies available for late-stage HCC patients such as
sorafenib, lenvatinib, and regorafenib [12, 40, 41]. Even with multiple treatment options
available, up to 70% patients experience recurrence at 5 years [6] and require repeat treatment
such as repeat resection, thermal ablation, or transplantation. Thus, there is an unmet clinical
need for an effective locoregional liver tumor therapy to achieve local tumor control and improve

survival outcomes while preventing thermal-related collateral damage and inefficacy.

1.3 Cancer Immunotherapy in HCC

Cancer progression and metastases is affected by the immune system. There is increasing
evidence that ablative therapies can either positively or negatively impact tumor progression and
metastasis by regulating both adaptive and innate immunity [42-45]. For effective anti-tumor

immune surveillance, the innate and adaptive immune systems need to work together otherwise
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immune evasion can occur due to impaired antigen recognition or immunosuppressive tumor
microenvironment [46, 47]. To prevent an over-response, the immune system also employs
several immune checkpoints, which act to inhibit effector lymphocytes, however, this
physiological mechanism is often exploited by tumors to evade immune responses [48]. A few
examples of inhibitory receptors that block immune responses include cytotoxic T lymphocyte-
associated antigen 4 (CTLA4), PD1, T cell immunoglobulin and mucin domain containing-3
(TIM3), and lymphocyte-activation gene 3 (LAG3)[49]. To overcome these blocks, antibodies
targeting these inhibitory receptors and ligands (PD-L1) expressed on T lymphocytes, antigen
presenting cells and tumor cells are used as immune checkpoint inhibitors [50, 51]. Immune
checkpoint inhibitors, such as ipilimumab (anti-CTLA-4), nivolumab (anti-PD-1) and
pembrolizumab (anti-PD-1) are currently used for HCC treatment [52, 53]. Cancer
immunotherapy also encompasses other treatments such as targeted antibodies, cancer vaccines,
adoptive cell transfer, tumor-infecting viruses, and cytokines to stimulate the patient’s immune
system to recognize and eliminate tumor cells [54]. Since tumors express varying levels of
immunogenicity, ICI treatment is more likely to be effective when there either is pre-existing
anti-tumor immunity or T cell infiltration in the tumor microenvironment [55]. In HCC, the
tumor microenvironment is complex, with the presence of hepatic non-parenchymal resident
cells, tumor cells, immune cells, and tumor-associated fibroblasts [53]. Various studies have
demonstrated that both innate and adaptive immune responses in patients with HCC are
diminished due to various factors such as expression of inhibitory receptors, MDSC-mediated
immune suppression, dysfunctional NK cells, and exhausted or dysfunctional tumor-infiltrating

lymphocytes[56-60]. The presence of multiple immunosuppressive aspects in the HCC tumor
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microenvironment further highlights the need for combinatorial therapies, such as

immunotherapeutic and locoregional therapeutic modalities.

1.4 Histotripsy Overview

Histotripsy is the first non-invasive, non-ionizing, non-thermal ablation method that
ablates tissue through precise control of acoustic cavitation [61-63]. Microsecond-length, high-
amplitude ultrasound pulses (<2 cycles) generate cavitation bubbles from endogenous gas
pockets in the target tissue [61, 63, 64]. Depending on the pulsing parameters, the nanometer gas
pockets can expand to ~100 pm cavitation microbubbles and collapse within a few hundred
microseconds. The rapid expansion and collapse of the cavitation microbubbles creates high
strains to destroy cellular structure in the target region and form a liquid acellular homogenate
[63, 65]. To enable the initiation of inertial cavitation, the generated focal peak negative pressure
must exceed the intrinsic threshold of the soft-tissue target (typically >26MPa); this is the
mechanism of intrinsic threshold histotripsy. Histotripsy was invented and pioneered by the
Histotripsy Group at University of Michigan as an extremely precise, controlled, and predictable
ultrasonic ablation technique to destroy targeted tissue.

The low duty cycle of the ultrasound pulses (on-time/ (on- + off- time) < 0.1%) prevents
undesirable thermal effects and allows sufficient cooling. Thus, histotripsy is not impeded by the
heat sink effect and may safely achieve homogeneous cell disruption even in vascular organs
such as liver [66]. Large vessels possess higher mechanical strength [67, 68] and resistance to
fractionation compared to surrounding soft tissue, and thus remain intact during histotripsy
ablation [69, 70]. Ultrasound is used to guide and monitor histotripsy in real-time since
cavitation is easily detectable on ultrasound imaging [71]. However, histotripsy ablation can be

visualized on both ultrasound and MRI [72-74]. There is an alternative approach to mechanical
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histotripsy, termed as boiling histotripsy (BH), which uses milliseconds-long HIFU pulses with
shock waves to generate boiling bubbles; the interaction of shock fronts with the bubbles cause
cellular destruction at the focus [75]. Previous in vivo studies using boiling histotripsy have
demonstrated local and systemic immune responses [76, 77]. The rest of this dissertation refers
to and discusses intrinsic-threshold histotripsy as histotripsy.

Previous in vivo studies have shown that histotripsy can completely destroy normal liver
tissue in porcine and rodent models, resulting in a liquefied acellular homogenate [71, 78-80]
which is completely absorbed by the body within a month. Based on these results, we
hypothesize that histotripsy can destroy the target tumor tissue to form acellular homogenate,
which is resorbed over time, resulting in effective control of local tumor progression and

improvement in survival outcomes.

1.5 Histotripsy in Current Treatment Landscape

Histotripsy is a promising option that can overcome the limitations of currently available
ablation modalities and provide safe and effective non-invasive liver tumor ablation.
Additionally, since histotripsy can mechanically ablate cells without denaturing them, we
hypothesize that histotripsy may also be capable of releasing tumor antigens which can be
recognized by the immune system to stimulate strong anti-tumor response as a robust adjuvant to
cancer immunotherapy. Histotripsy may also be useful as a downstaging treatment modality
either alone or in combination with other therapies in HCC patients, enabling them to meet the

criteria for curative HCC options such as resection and transplantation.
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1.6 Histotripsy System used in this Dissertation

Our rodent histotripsy setup consists of a custom-built 1 MHz therapy transducer
mounted to a motorized 3-axis positioning system. The ring configuration therapy transducer (f
number = 0.6, focal distance = 32.5mm) contains 8 individually focused lead zirconate titanate
elements (20 mm diameter). The histotripsy transducer is driven by a custom-built high-voltage
pulser controlled by a field-programmable gate array (FPGA) development board (DE0O-Nano
Terasic Technology, HsinChu, Taiwan), enabling the therapy transducer to generate and output
1-2 cycle histotripsy pulses. The value of peak negative pressure in the tissue is estimated based
on pressure measurements from fiber optic hydrophone in free field. In the free-field medium
(degassed water), the pressure measurements from individual transducer elements were summed
to calculate the peak negative pressure of 37.8MPa and the peak positive pressure of 43.9 MPa.
The spatial peak temporal peak intensity (Isprp) was estimated to be ~130kW/cm?, spatial peak
pulse average intensity (Isppa) is estimated to be ~24kW/cm? and spatial peak temporal average
(Ispra) is estimated to be ~8W/cm?. The single focal ablation volume is typically an elliptical
shape of 1-2 mm in width and 3-4 mm in the length, depending on the parameters. The single
focal volume can be repositioned within the tumor to form a user-defined larger ablation zone

with desired volume and shape.

1.7 Outline of This Dissertation

This dissertation is comprised of seven chapters that document the details of the work
done on the investigation and development of histotripsy therapy for the pre-clinical treatment of

liver tumors.

1.7.1 Chapter 2
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This chapter investigates the feasibility of using histotripsy for non-invasive
subcutaneous tumor ablation. As histotripsy is a relatively novel ablation technique, there were
no pre-clinical studies addressing the long-term safety and biological effects of histotripsy and
providing detailed radiological characterization of histotripsy-induced tumor response. This is
the first study to demonstrate that non-invasive histotripsy ablation reduced local tumor
progression of human-derived HCC tumor and significantly prolonged survival time compared to
untreated controls in immunocompromised mice. This study also reports the MR imaging
features correlating to the histotripsy tumor response immediately following ablation up to a 3-
month post-treatment follow-up period. To allow MR and histology characterization of
differences between ablated and unablated tumor, both partial ablation (50% tumor volume

targeting) and complete ablation (100% tumor volume targeting) were used in this study.

1.7.2 Chapter 3

This chapter presents the first study to evaluate the safety, feasibility, and tumor volume
reduction effects of histotripsy for liver cancer ablation in an orthotopic, immune-competent in
vivo rat HCC model. Tumors were targeted entirely (100%) or partially (50-75% tumor volume).
The choice of ablation volumes (viable residual tumor intentionally left untargeted versus tumor
completely ablated with additional margin of healthy liver tissue) was selected to observe the
differences in treatment response and survival outcomes. MRI revealed effective post-histotripsy
reduction of tumor burden with near-complete resorption of the ablated tumor in 93.3% animals
in both partial and complete treatment groups. Gross morphology showed shrunken, non-
tumoral, fibrous tissue at original site. There was no evidence of histotripsy-induced adjacent

tissue injury.

1.7.3 Chapter 4
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Histotripsy mechanically disrupts the targeted tumor cells, yet there is insufficient
evidence regarding the effects of histotripsy on the risk of recurrence and metastases following
tumor debulking. This chapter evaluates the effect of different partial histotripsy tumor ablation
volumes (<25% tumor volume targeted, or ~50-75% tumor volume targeted) on tumor response,
risk of metastases and immune infiltration in an orthotopic, immunocompetent, metastatic rodent
hepatocellular carcinoma (HCC) model. The choice of partial ablation (50-75% tumor volume
targeted) was repeated from Chapter 3 to observe if similar outcomes can be achieved in a highly
metastatic tumor model and to determine if a minimal tumor volume percentage ablation (<25%
tumor volume targeted) can achieve meaningful treatment response. Even with partial ablation
(50-75% tumor volume targeted), complete local tumor regression was observed in 81%
treatment rats with no recurrence or metastasis. In contrast, 100% untreated control animals
showed local tumor progression and intrahepatic metastases. Histotripsy-treated animals had
statistically significant improved survival outcomes compared to controls (p-value < 0.0001).
Histotripsy-treated animals had increased immune infiltration as compared to controls which
may have contributed to the eventual regression of the untargeted tumor region in partial
histotripsy-treated tumors. When <25% tumor volume was targeted for ablation, immune

infiltration was minimal and there were no tumor reduction benefits observed.

1.7.4 Chapter 5

This chapter evaluates in-depth the immune response generated by histotripsy ablation of
subcutaneous murine melanoma and hepatocellular carcinoma tumors. Partial histotripsy ablation
(~80% tumor volume targeted) of subcutaneous murine melanoma tumors stimulated potent
local intratumoral infiltration of innate and adaptive immune cell populations. The selection of

partial ablation was done to allow evaluation of immune infiltration within the residual viable
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tumor. Histotripsy promoted abscopal immune responses at distant non-targeted tumor sites and
inhibited growth of pulmonary metastases. Histotripsy ablation released tumor antigens with
retained immunogenicity, and this immunostimulatory effect was associated with danger
associated molecular patterns such as calreticulin translocation to the cellular membrane and
local and systemic release of high mobility group box protein 1. Histotripsy also enhanced the

efficacy of checkpoint inhibition immunotherapy.

1.7.5 Chapter 6

This chapter presents a preliminary evaluation of the safety and efficacy of repeat
histotripsy tumor ablation on tumor response and survival outcomes in an in vivo human
hepatocellular carcinoma (HCC) xenograft model and a mouse-derived HCC model. A repeat
histotripsy ablation session controlled local tumor growth compared to animals receiving a single
dose of histotripsy and control animals receiving no interventions. Survival outcomes were

significantly improved in both histotripsy treatment groups as compared to controls.

1.7.6 Chapter 7

This chapter summarizes the information presented in this dissertation and discusses the
future work towards clinical translation of histotripsy therapy for liver cancer ablation. The
unique non-invasive, non-ionizing and non-thermal features of histotripsy make it a promising

alternative to the current locoregional ablation modalities.
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Chapter 2 Non-Invasive Tumor Ablation using Histotripsy in an In Vivo, Subcutaneous

Murine Hepatocellular Carcinoma (HCC) Model

A majority component of this chapter has been published in 2018 40th Annual International

Conference of the IEEE Engineering in Medicine and Biology Society (EMBC) © 2018 IEEE.

Reprinted, with permission, from T. Worlikar et al., "Histotripsy for Non-Invasive Ablation of Hepatocellular
Carcinoma (HCC) Tumor in a Subcutaneous Xenograft Murine Model," (in eng), Conf Proc IEEE Eng Med Biol
Soc, vol. 2018, pp. 6064-6067, 07 2018, doi: 10.1109/EMBC.2018.8513650.

2.1 Introduction

Hepatocellular carcinoma (HCC) is the most common primary hepatic malignancy, the
sixth most common cancer worldwide, and one of the top ten leading causes of cancer-related
deaths in the United States [1, 2]. The incidence of HCC continues to rise in the United States,
largely secondary to the increasing rate of cirrhosis from chronic viral hepatitis, obesity,
diabetes, non-alcoholic fatty liver disease (NAFLD) and excessive alcohol use [3].

Currently, curative treatment options for HCC include surgical resection, liver
transplantation or thermal ablation [4, 5]. Surgical resection remains the gold standard but is
performed in a small percentage of patients secondary to severity of underlying liver disease,
other medical co-morbidities, or extent of their HCC [6-8]. Other existing HCC treatment
options include locoregional liver therapies such as: radiofrequency ablation (RFA), microwave
ablation (MWA), cryoablation, transcatheter arterial chemoembolization (TACE), transarterial
radioembolization (TARE), and stereotactic body radiotherapy (SBRT) [9, 10]. However, each
locoregional therapy also has limitations based on tumor location and extent of disease, as well

as morbidity based on degree of underlying liver dysfunction secondary to cirrhosis [11-14].

44



High intensity focused ultrasound (HIFU) is a non-invasive thermal ablation method guided by
real time magnetic resonance imaging (MRI) or ultrasound that has been investigated to treat
liver tumors [15, 16], however it has drawbacks related to the heat sink effect, ablating through
ribs, respiratory motion, and long procedure times. Despite the availability of multiple treatment
options, the prognosis of HCC is poor with five-year survival rates reported at only 18% in the
US [1].

Histotripsy is the first non-invasive, non-ionizing, non-thermal ablation method that
ablates tissue through precise control of acoustic cavitation [17-19]. Microsecond-length, high-
amplitude ultrasound pulses (<2 cycles) generate cavitation from endogenous gas pockets in the
target tissue [17, 19, 20]. The nanometer gas pockets expand to ~100 um cavitation
microbubbles and collapse within a few hundred microseconds. The rapid expansion and
collapse of the cavitation microbubbles produces high strains and disrupts cells in the target
region into a liquid acellular homogenate [19, 21]. The single focal ablation volume is typically
an elliptical shape of 1-2 mm in width and 3-4 mm in the length, depending on the parameters.
The single focal volume can be repositioned within the tumor to form a user-defined larger
ablation zone with desired volume and shape. Additionally, the low duty cycle of the ultrasound
pulses (on-time/ (on- + off- time) < 0.1%) prevents undesirable thermal effects. Thus, histotripsy
is not impeded by the heat sink effect and may safely achieve homogeneous cell disruption even
in vascular organs such as liver [22]. Large vessels remain intact since they possess higher
mechanical strength [23, 24] and resistance to fractionation compared to surrounding soft tissue
[25, 26]. Since cavitation can be readily detected on ultrasound imaging, ultrasound is used to
guide and monitor histotripsy in real-time [27]. Histotripsy ablation can be visualized on

ultrasound and MRI [28-30].
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Previous in vivo studies have shown that histotripsy can completely destroy normal liver
tissue in porcine and rodent models, resulting in a liquefied acellular homogenate [22, 31-33]
which is completely absorbed by the body within a month. Based on these results, we
hypothesize that histotripsy can destroy the target tumor tissue to form acellular debris, which is
resorbed over time, resulting in effective reduction of local tumor progression and improvement
in survival outcomes. In this study, the effect of noninvasive histotripsy tumor ablation on local
tumor progression and survival time was investigated in human-derived HCC subcutaneous
xenograft murine models. Our secondary objective was to characterize the radiological and
histopathologic appearance of the acute and chronic response of the histotripsy treated HCC

tumors.
2.2 Materials and Methods

2.2.1 Experimental Design

This study was approved by the Institutional Animal Care and Use Committee at the
University of Michigan (UM-IACUC). Two human-derived xenograft murine subcutaneous
HCC tumor models were developed in immune-compromised NOD-scid (NOD.C.B17-Prkdcsi¢)
and NSG (NOD-Prkdc*“® IL2ry™!") murine hosts, which are well suited for engraftment of solid
tumors like HCC [34]. In both models, the NOD strain background confers deficiencies in innate
immunity, whereas the Prkdc*Y mutation generates defects in adaptive immunity [35]. The
fundamental difference between the two models is the complete lack of the IL2ry gene
(responsible for high affinity signaling for many interleukin receptors) in the NSG mice [35-37].
The absence of signaling disables innate and adaptive immunity and makes the NSG mouse more
receptive to human cells and primary tumor engraftment compared to a NOD-scid mouse. In this

study, histotripsy treated animals from both models were monitored for up to 3 months by MRI
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for local tumor regression or progression, as well as evaluated by pathology for the development
of any metastasis following histotripsy ablation. The primary tumor growth characteristics,
response to histotripsy, tumor recurrence and survival outcomes were compared between the two
models.

The study protocol is shown in Figure 2-1A. Hep3B HCC tumor cells were injected
subcutaneously in the flanks of 16 NSG and 11 NOD-scid male mice aged 6-7 weeks to generate
tumors. The mice were categorized into four groups based on the tumor volume targeted for
ablation: A) partially targeted acute (n=9), B) entirely targeted acute (n=6), C) entirely targeted
chronic (n=6), D) partially targeted chronic (n=2) and E) control (n=4) as indicated in Table 1-1.
Histotripsy ablation was performed once the tumor measured a minimum of 5 mm in its largest
diameter, based on caliper measurements. Tumors reached this treatment timepoint more rapidly
in NSG mice (3-5 weeks post inoculation) as compared to NOD-scid mice (8-15 weeks post
inoculation), likely due to differences in immunological makeup. The mice in acute groups A
and B were euthanized within 3 days after ablation. The mice in chronic group C and D were
monitored weekly post treatment using caliper measurements and MRI after ablation for up to 3
months or euthanized when they reached tumor endpoint (maximum tumor diameter exceeded
1.8 cm). For the partial ablation groups A and D, approximately 50% of the tumor volume was
targeted for ablation by histotripsy. Tumors were ablated partially to allow evaluation and
characterization of distinctive appearance of the targeted and non-targeted tumor regions on
ultrasound imaging, MRI imaging, as well to confirm that there is a sharp demarcation between
targeted and non-targeted tissue on histology without any intermediate zones of tissue damage as
typically observed in thermal ablation. In the entire tumor ablation groups B and C, the entire

tumor was targeted for ablation, with an additional small margin (<2 mm) of muscle tissue
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beyond the tumor boundary (along the far edge) included in the target region to ensure adequate
treatment along the margin. However, the subcutaneous location of tumors often did not allow
even a small (<2 mm) ablation margin along the superficial border of the tumor due to the risk of

possible skin perforation.

A. Study Protocol

Liiisiejgy Post-treatment Euthanasia.
Inoculate Hep3B cells in Measure weekly Pre-treatment (Complete/ % ik Tiasue Haroest

follow-up MRI & Histology

mouse flank until Smm Partial) Ablation
or Control

Motorized
Positioner >, |

Localization of
focus in tumor

5 mm

Figure 2-1 (A) Study Protocol: Histotripsy ablation (either partial or entire tumor) was performed once the tumor
measured a minimum of 5 mm in largest diameter. The acute mice were euthanized within 3 days after ablation. The
chronic mice were survived and monitored weekly using caliper measurements and MRI for up to 3 months post
treatment or until the maximum tumor diameter exceeded 1.8 cm. For the partial ablation groups 50% of the tumor
volume was ablated by histotripsy. In the entire tumor ablation groups, the entire tumor was targeted for ablation.
The control group mice received no treatment. (B) Custom 8 element 1 MHz focused therapy transducer with
coaxially aligned imaging probe used for histotripsy treatment and real-time US guidance respectively, mounted to
a motorized 3-axis positioning system. (C) The mouse is placed on a custom-built treatment platform just over the
water tank, such that the tumor region to be treated is immersed in water. (D) Histotripsy generated hyperechoic
cavitation cloud at the focus of the therapy transducer at a target location within the tumor (E) Generation of
ellipsoid treatment grid of locations for delivering histotripsy pulses within the tumor (F) Cavitation cloud (yellow),
and ablated region (blue) is visualized in real-time as hypoechoic zone distinct from the speckled appearance of the
non-targeted tumor (red arrow) on ultrasound imaging.

2.2.2 Cell Preparation

Hep3B (ATCC® HB-8064™) cells derived from human HCC tumors were cultivated in
MEM (+Glutamine, +Earle’s Salts) media supplemented with 10% FBS, 1% Antimycotic-
Antibiotic, 1% Minimum non-essential amino acids (MNEAA), 1% Sodium pyruvate and 1 mL

Gentamicin. The cells were maintained at 37 °C in a 5% C02/95% humidified air atmosphere.

2.2.3 Animal Preparation
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In both tumor models, mice were injected with 1-2 million Hep3B cells subcutaneously
into the flank to generate xenograft tumors. All mice were monitored weekly and tumor diameter
measurements were quantified using calipers. Once tumor diameters reached 5 mm in the largest
dimension, the mice in treatment groups A, B, C and D were treated with histotripsy. The mice

in control group E did not receive histotripsy or other treatment.

Table 2-1 Control and Treatment Cohorts

Group Ablation Survival NSG NOD-scid
(n=27) Target Timepoints (n=16) (n=11)
A (n=9) Partial Tumor Acute n=5 n=4
B (n=6) Entire Tumor Acute n=6
Treatment Cohort | C (n=6) Entire Tumor Chronic n=2 n=4
D (n=2) Partial Tumor Chronic n=
Control Cohort E (n=4) Control n=3 n=1

Histotripsy HCC study mice sub-groups in NSG and NOD-scid models based on ablation target and post treatment survival

timepoints.

Prior to and during histotripsy, the mice were induced and maintained on general
anesthesia by inhalation of isoflurane gas (1.5-2.0%) in 1 L/min of oxygen (SurgiVet V704001,
Smiths Medical, Waukesha, Wisconsin, USA). The hair covering the subcutaneous tumor region
was removed with an electric clipper followed by treatment with a depilatory cream. Core body
temperature was recorded using a rectal probe and was maintained between 35-37 °C with an
overhead heating lamp. The mice were injected with Carprofen (Rimadyl, Pfizer, NY, USA)
analgesic (5 mg/kg) subcutaneously before delivery of histotripsy treatment and once every 24
hours for 2 days after treatment. Immediately after histotripsy, the mice were transferred to a

recovery chamber fitted with an overhead heating lamp and were placed on a heated pad. Once
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the mice recovered from anesthesia and were mobile, they were transferred back to their housing
cages. The mice were monitored daily for one week following treatment and then twice weekly
for the duration of the study. All efforts were made to minimize suffering. Tumor dimensions
were measured using calipers until they reached 5 mm in largest dimension and using MR
imaging beginning from the histotripsy timepoint. Treatment outcomes were monitored using
MR imaging. Animals were survived up to 3 months or until the tumors reached a diameter of
1.8cm in any two dimensions (tumor endpoint). Additionally, end stage illness and humane
endpoints guidelines were determined as follows: animals exhibiting signs of dehydration,
emaciation or cachexia, impaired mobility, systemic infection, or abdominal or thoracic bleeding
during or immediately after histotripsy treatment were to be euthanized. The primary method of
euthanasia was exposure to CO2 in compressed gas form followed by a secondary method of
euthanasia, bilateral pneumothorax, to ensure animal cannot revive, in accordance with UM-

IACUC guidelines.

2.2.4 Experimental Setup

Our lab has designed and built a custom 8 element 1 MHz focused ultrasound therapy
transducer specifically for rodent histotripsy therapy (Figure 2-1B). The histotripsy transducer
was driven by a custom-built high-voltage pulser controlled by a field-programmable gate array
(FPGA) development board (DEO-Nano Terasic Technology, HsinChu, Taiwan), enabling the
therapy transducer to generate and output 1-2 cycle histotripsy pulses. A 20 MHz B-mode
ultrasound imaging probe (L40-8/12, Ultrasonix, Vancouver, Canada) was co-aligned with the
center of the therapy transducer to allow visualization of the focal ablation volume in real time.
The ultrasound therapy transducer and the imaging probe were mounted to a motorized 3-axis

positioning system (Figure 2-1B) to mechanically scan the therapy focus across a 3D target
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ablation volume. Water was used as the ultrasound coupling medium by immersing the
transducer and imaging probe in a tank of degassed water maintained at 35-37°C by means of a
coil heater. The mouse was placed on a custom-built animal platform just over the water tank
(Figure 2-1C). To identify the histotripsy focus on ultrasound imaging, test histotripsy pulses
were delivered to the water tank by the therapy transducer to generate a “bubble cloud” which
appeared as a hyperechoic cavitation zone on ultrasound imaging (Figure 2-1D). The position of
the hyperechoic cavitation zone was then marked as the therapy focal position on the ultrasound

image.

2.2.5 Histotripsy Ablation

After sedation, the animal was placed decubitus with the tumor submerged in the
degassed water such that the therapy transducer was moved by the motorized positioning system
to align the therapy transducer focus with the center of the tumor on the ultrasound image. Using
a custom MATLAB script, the ultrasound therapy transducer and the imaging probe were
scanned using the motorized positioning system, such that a treatment ellipsoid consisting of a
grid of uniformly spaced therapy focal zones (~0.5 — 0.75 mm between adjacent focal volumes)
would encompass the user-defined target 3D tumor volume (Figure 2-1E). This target volume
covered approximately 50% of the original tumor volume for partial ablation or the complete
tumor identified on US for entire ablation. One hemisphere of the tumor contacting both the
underlying muscle layer and the overlying skin layer was selected for partial ablation. During
ablation, histotripsy-induced cavitation was hyperechoic in appearance compared to the
surrounding tissue on ultrasound imaging (Figure 2-1F), which was used to monitor the ablation
in real-time. At each focal location, 50 histotripsy pulses at 100 Hz PRF (P- >30 MPa) or 0.5

seconds of ablation were delivered. After ablation, the targeted region appeared hypoechoic on
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ultrasound imaging, enabling real-time feedback to ensure adequate ablation volumes were
achieved (Figure 2-1F). Selection of histotripsy parameters (Table 2-2) was based on results of
previous in vivo and in vitro work [22, 38]. The choice of PRF, spacing between locations and
pulses delivered per location were confirmed to ensure that the intended target tumor region was

fractionated to form mostly acellular homogenate in the acute cohort animal groups A and B.

Table 2-2 Histotripsy Ablation Parameters

Pulse Length 1-2 cycles
PRF (Pulse Repetition Frequency) 100 Hz
Estimated Peak Negative Pressure at Focus >30MPa-

Number of Treatment Locations in Target Zone | 2000-3000

Number of Histotripsy Pulses at each Location | 50

Treatment Location Spacing within Target 0.5mm-0.7mm (lateral, elevational),
Zone 0.75-0.9mm (axial)
Treatment Time 20-40 minutes depending on the tumor size

2.2.6 Magnetic Resonance Imaging for Treatment Evaluation

MRI data was obtained within 1 day prior to histotripsy and within 1-day post-histotripsy,
followed by weekly imaging to assess the effects of tumor ablation and characterize variations in
imaging appearance. Imaging was performed on a 7.0 T MR scanner using a Direct Drive
console (Agilent Technologies, Santa Clara, CA, USA) with a 40 mm inner-diameter transmit-
receive radiofrequency (RF) volume coil (Morris Instruments, Ontario, Canada). Prior to and
during imaging, the mice were induced and maintained on general anesthesia by inhalation of

isoflurane gas (1.5-2.0%) in 1 L/min of oxygen (SurgiVet V704001, Smiths Medical, Waukesha,
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Wisconsin, USA). Respiration was monitored and animal temperature was maintained at 37+0.5
°C using a rectal temperature probe and a custom-built proportional-integral-derivative (PID)
controller (LabVIEW, National Instruments, Austin TX) interfaced with a commercially
available small animal system (SA Instruments, Stony Brook, NY). Initial pilot scans were
performed to confirm positioning. Thereafter, T2 and T1-weighted fast spin-echo (FSE)
sequences and a T2*-weighted gradient-echo (GRE) sequence were used to visualize the tumor

in the axial plane (Table 2-3).

Table 2-3 MR Imaging Parameters

Sequence Type T2-weighted FSE T1-weighted FSE T2*-weighted GRE
Slice Thickness Imm Imm Imm

FOV 35 x 35mm 35 x 35mm 35 x 35mm

TR 2000ms 2000ms 250ms

TE 10ms 8.5ms Sms

Acquisition Time 8 min 8 min 8 min

The overall signal characteristics of the pre-treatment and post-treatment tumor using T1-
weighted FSE, T2-weighted FSE and T2*- weighted GRE were recorded and compared to each
other to identify potential changes which would differentiate non-viable tumor from viable
tumor. MR images were analyzed (Analyze 11.0, AnalyzeDirect, Overland Park, KS) by a
radiologist (MML, 13 years of clinical image interpretation experience) in consultation with an
imaging scientist (JMG, 20 years of experience in high-field MRI and preclinical small animal

models). Tumor (and homogenate post-ablation) volume was quantified by summing area
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measurements made from the 2D T2-weighted FSE acquisition. Tumor diameter measurements
were also made on the T2-weighted sequence in orthogonal anterior-posterior (coronal) and
transverse (axial) dimensions. Signal characteristics of the pre-treatment tumor and the post-
treatment ablation zone were recorded. Surrounding structures such as the musculature and body

wall were evaluated for signs of injury.

2.2.7 Histological Analysis

Post euthanasia, treated tumor, as well as brain and lung tissue samples were harvested
and fixed in 10% buffered formalin for histopathology. Fixed tissue samples were submitted to
Scientific Solutions, LLC (Fridley, MN) for paraffin processing and embedding as well as
staining. Samples were sectioned in 5-micron slices stained with hematoxylin and eosin (H&E).
Slides were examined by a board-certified anatomic and clinical pathologist (JS) for
histopathologic analysis, under a light microscope Olympus BX43. The Nikon Eclipse 501

imaging microscope was used to capture images.

2.2.8 Statistical Analysis

Experimental data were analyzed using Microsoft Excel (2013). Survival analysis was
performed using the Kaplan-Meier method. Survival time data of control and chronic mice was
compared with the two-tailed Student’s t test, with significance defined as p < 0.05. Additionally,
a single factor Analysis of Variance (ANOVA) test was performed to determine if there was a
statistically significant (p < 0.05) difference between the mean survival times of control mice,

entirely targeted chronic NSG and NOD-scid mice.

2.3 Results

2.3.1 Clinical Monitoring
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All tumor inoculations were well-tolerated with no deaths or complications as a direct
result of the subcutaneous tumor injections. All histotripsy procedures were well tolerated

without major or minor complications requiring additional care or euthanasia.

2.3.2 Long-term Local Tumor Response to Histotripsy

Effective tumor volume reduction was observed in chronic entirely targeted histotripsy
animals as compared to untreated controls (Figure 2-2). MR images revealed that between 2-5
weeks post-ablation, the tumor homogenate completely resolved in all group C mice (Figure 2-
3). In 4/6 mice (2/4 NOD-scid and 2/2 NSG mice), no quantifiable tumor volume was detectable
on MRI beginning week 3 and until 5-7 weeks post-treatment, after which recurrence was
observed. In the remaining 2 NOD-scid mice in group C, recurrence was observed by 3 weeks
post-treatment. In the partially targeted NOD-scid mice in group D, the untreated residual tumors
continued to grow, and animals were euthanized when they reached tumor endpoints and thus
there was no difference in their survival outcomes when compared to the control mice. In control
group E, tumor burden continued to increase, and the NSG mice were euthanized at 5-6 weeks
and NOD-scid mice were euthanized at 18 weeks post inoculation, based on when they reached

tumor endpoints.
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Figure 2-2 Treatment Progression and Survival Outcomes in Chronic Cohorts. Volumetric measurements made by
MRI show effective tumor volume reduction observed within 3-8 weeks post ablation in the entire ablation group vs.
the untreated control in both NSG and NOD-scid mice.
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Figure 2-3 Long-term response to entire histotripsy ablation evaluated by MRI. Representative T2 weighted MRI
images show tumor response (blue arrows) in both chronic (A) NSG and (B) Nod-SCID groups. Pre-treatment
imaging demonstrates the heterogenous appearance of the subcutaneous tumor, which extends to just below the
dermal layer of the skin. Post-histotripsy the treated tumor now appears hyperintense and changes its shape to
conform to the body wall, as expected since the treated tumor cells have become an acellular homogenate with no
definable capsule to control the location of the acellular homogenate. 1 week post-histotripsy the ablation volume
regresses and remains amorphous. Earlier recurrence is detected for the NSG mouse (5 weeks) in comparison to
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NOD-scid mouse (8 weeks). By 10 weeks, the recurrent tumor has heterogenous imaging appearance near identical
to the pre-histotripsy tumor.

2.3.3 MRI Tumor Volume and Signal Characterization

Histotripsy ablation zones were longitudinally evaluated by MRI. Pre-treatment tumors
demonstrated heterogeneous hyperintense T2, T2* and T1 signal when compared to the adjacent
musculature, albeit varying degrees of heterogeneity (Figure 2-4). After treatment, ablated tumor
volumes demonstrated a homogeneous appearance with hyperintense T2, T2*, and T1 signal
(Figure 2-4). In cases of partially ablated tumors, MRI was able to distinguish between ablated
and untreated regions within one day of histotripsy, providing valuable early feedback on

histotripsy imaging appearance with a direct comparison to the tumor appearance (Figure 2-4).

Entire Tumor Ablation Partial Tumor Ablation

weighted

T2*
weighted

Figure 2-4 Characterization of MRI signal pre and post histotripsy. Pre- histotripsy tumors (blue dashed lines)
have a heterogenous hyperintense appearance, with varying degrees of heterogeneity. Within one day post
histotripsy, the ablated volume (yellow dashed lines) appears homogeneously hyperintense as compared to the
heterogeneous mottled appearance of pre-treatment tumor on T2, Tl and T2* weighted images. In addition, the
treated tumor changes configuration to conform to the shape of the body wall, as expected since the tumor becomes
a fluid acellular homogenate with no capsule surrounding the treated cavity. In cases of partially targeted tumors,
MR can distinguish between ablated (vellow dashed lines) and unablated tumor volume (red dashed lines),
providing valuable early feedback on imaging differences between treated and untreated tumor.
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Immediately post-histotripsy the ablated tumor volume was flattened into an oblong
shape that conformed to the shape of the body wall. This change in tumor configuration post-
treatment was likely related to a combination of the tumor being liquefied and the non-confined
location in the subcutaneous tissue, which allowed the fluid homogenate to spread in the
subcutaneous tissue space. Although the imaging appearance suggested adequate ablation
volume, the post-treatment change in configuration made it difficult to accurately compare
volumes between post-treatment and pre-treatment tumors for evaluation of adequacy of ablation
and for the detection of residual untreated tumor.

All cases of recurrence were seen between 3-8 weeks post-histotripsy (Figures 2-2, 2-3).
Local recurrence was identified within the ablation zone by the re-appearance of an increasing
nodular area of heterogeneous T2, T2* and T1 signal intensity which was similar in appearance
to the pre-treatment tumor. There were no significant noticeable differences seen visually in the

MR appearance of the pre-treatment and post-treatment recurrent tumors.

2.3.4 Histological Analysis

In untreated HCC control tumors in group D, the tumor cells showed sheet-like growth
patterns, resembling original human HCC (Figure 2-5A). In partially targeted acute group A, the
treated region was completely fractionated into acellular debris with a discrete boundary
separating the treatment zone from the residual tumor (Figure 2-5B). In the entirely targeted
acute group B, pathology revealed completely fractionated tumor cells within the treatment
region on Day 3 post treatment (Figure 2-5C). However, a thin rim of residual viable HCC was
identified along the tumor periphery even in entirely ablated tumor group (Figure 2-5D), likely
due to the lack of adequate ablation margin along the cutaneous surface of the tumor. These

residual tumor cells may have contributed to eventual tumor recurrence. The growth pattern of
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the recurrent HCC in chronic group C mice was similar to the original HCC tumor architecture
with cells arranged in sheet pattern in control group D mice (Figure 2-5E). The main difference
in morphological appearance was that recurrent HCC demonstrated prominent regions of tumor
necrosis (Figure 2-5F). No metastases were observed in the brain or lungs from the chronic
group C (Figures 2-5G, H). These tumor models do not naturally develop metastasis, and our
results support that histotripsy did not yield unexpected intrahepatic or systemic metastasis at the

locations investigated.

Figure 2-5 Histological analysis of harvested tumor and tissue samples. Representative H&E images show (4)
Untreated original hepatocellular carcinoma (HCC) tumor cells grow in a trabecular pattern, resembling original
human HCC (B) In a partially targeted tumor, the treated region was completely fractionated into acellular debris,
with a sharp boundary separating the ablated region from the untreated tumor on Day 3 (C) In an entirely targeted
tumor, the vast majority of the HCC tumor cells in the original sites appeared completely liquefied on Day 3 (D) In
an entirely targeted tumor, a thin rim of residual HCC (<200um) was identified at the tumor periphery on Day 3 (E)
Recurrent HCC in an entirely ablated survival NSG mouse, showing growth pattern similar to the original HCC (F)
Prominent central necrosis observed in one recurrent HCC tumor. No metastasis was observed in the (G) lung and
(H) brain at 11 weeks post histotripsy.

The ablated homogenate region revealed scattered small vessels, fibroblasts, and
inflammatory cells (Figure 2-6A-D). Scattered lymphocytes (Figure 2-6A), macrophages (Figure
2-6B), neutrophils (Figure 2-6C), and eosinophils (Figure 2-6D) were amongst the immune cells

identified in the homogenate.
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Figure 2-6 Immune cells in post treatment homogenate. Histology (H&E staining) of post treatment homogenate
reveals infiltration of immune cells such as (A) lymphocytes, (B) macrophages, (C) neutrophils and (D) eosinophils
at 3 days post histotripsy as well as scattered residual small vessels, fibroblasts, and other inflammatory cells.

2.3.5 Survival Outcomes

In general, treated mice in group C survived significantly longer than the control mice in
group D (p <0.05) (Figure 2-7). All mice, including controls were euthanized when the tumors
measured >1.8 cm, as written in the study protocol secondary to tumor burden on the animal.
The survival time in control group D was 5.3 + 0.33 (mean = SEM) weeks for NSG mice and 18
weeks for the NOD-scid mouse after tumor inoculation. In treatment group C, the survival time
was 15 £ 1 weeks and 20 + 1.87 weeks after tumor inoculation for the NSG mice and the NOD-

scid mice, respectively.
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Figure 2-7 Survival Analysis. Kaplan — Meier survival demonstrates the survival outcomes for the entirely ablated
and the control mice. In general, mice in entire targeted group C survived significantly longer than the untreated
control mice group D (p = 0.039).

2.3.6 Effects on Adjacent Tissue

The ablation volume included up to a 2 mm margin of normal tissue along the far wall of
the tumor to ensure adequate margins. However, due to the subcutaneous nature of the tumor
model, there was a lack of sufficient ablation margin along the superficial border of the tumor to
prevent injury to the overlying skin. Immediately following treatment, a focal area of edema and
erythema was noted along the skin surface at the site of treatment. Within 2-3 days post-
treatment a focal scab was formed on the surface of the skin at the treatment site, which resolved
completely within 2-3 weeks post-treatment (Figure 2-8A).

MR evaluation of the muscle deep to the ablation zone illustrated increased T2 signal
within ~50% of the muscle on all but 2 treated mice, which would be consistent with edematous
changes within the muscle due to tissue damage. In all cases, this edema resolved by three
weeks, without a reduction or change in the overall thickness of the muscle; thus, suggesting that
the ablation effects in the muscle were reversible (Figure 2-8B). Two mice had full-thickness

edema to the thigh musculature, which eventually resolved without any sequelae of injury and
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without any atrophy of the muscle as observed on MRI. No significant mobility limitations were

observed in the mice post treatment.

Week 2 Post Histotripsy

LR
K ",

A

Figure 2-8 Effect of histotripsy on adjacent tissue. (4) Immediately post histotripsy, a focal area of edema and
erythema was noted along the skin surface at the site of treatment due to lack of margin on the near end of the tumor
secondary to the subcutaneous location, which abutted the skin surface. Focal scab was formed on the surface of the
skin at the treatment site, which resolved completely within 2-3 weeks post-treatment. (B) Immediate post-treatment
imaging demonstrates an increased T2 signal seen within 50% of the muscle just adjacent to the ablation zone,
compatible with edema. In all cases, this edema resolved by 3 weeks, without a reduction or change in the overall
thickness of the muscle, thus, suggesting that the ablation effects in the muscle region were reversible.
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2.4 Discussion

Our study investigated the response of histotripsy tumor ablation in a subcutaneous HCC
tumor xenograft murine model. Xenograft models are being increasingly used for translational
oncology research and drug development as they allow for minimal deviation in the stromal
composition and histological and molecular heterogeneity of the tumor seen in humans, enabling
more accurate pre-clinical assessment of therapeutic responses [39, 40]. In this study, the
assessment of the treatment response to histotripsy over time was performed using MR imaging,
histology, and caliper measurements. To our knowledge, this is the first study demonstrating
histotripsy treatment of tumors with long term (3 month) follow-up in an in vivo murine model.
Histotripsy generates well-confined cavitation bubble clouds allowing for real-time monitoring
of the ablation zone, as well as resulting in ablation zones with sharply demarcated boundaries
between the non-treated tissue and the ablation zone seen both radiographically and
histologically.

This is the first study showing that histotripsy resulted in effective tumor burden
reduction and significantly extended survival time compared to untreated control. In all mice
which underwent entire tumor ablation (group C), the ablated volume was completely absorbed,
and no tumor was detected on MRI by week 5 in 4/6 mice. The survival time of the entire
ablation group C was significantly longer than the untreated control group D (p=0.039). No local
or distant metastasis was detected by MRI or pathology. These results provide new evidence to
support the safety and efficacy of using histotripsy for tumor ablation.

MRI or computed tomography (CT) data are the most accepted means to monitor
therapeutic response in patients with HCC. For many locoregional therapies, particularly arterial

based therapies (TACE/TARE), treatment effectiveness can only be evaluated a few weeks after
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treatment [41, 42]. In this study, MRI successfully enabled immediate assessment of tumor
appearance post-histotripsy ablation. This may offer a significant clinical benefit for histotripsy
in the future, as immediate imaging during the time of treatment would allow assessment for
complete tumor ablation. In cases of incomplete tumor ablation or inadequate ablation margins
detected at the time of treatment, it would allow for rapid re-treatment. Contrast enhanced MRI
is commonly used in the clinic for treatment assessment of locoregional therapies [43]. However,
given the heterogeneous, and hyperintense MR signal of the viable subcutaneous tumors, no
intravenous contrast agents were administered in our study. We used standard T1-weighted FSE,
T2-weighted FSE and T2*- weighted GRE sequences which can be easily translated for use in
the clinical setting. The major MR imaging finding seen after histotripsy ablation of tumor, is
that the heterogeneous, hyperintense appearance of viable HCC tumor is transformed into a
relatively homogeneous hyperintense appearance, which pathologically correlates to a relatively
acellular homogenate occupying the treatment cavity. The post-ablation homogenate retains the
hyperintense appearance as it resolves over time, usually between weeks 3-10 post-treatment.
This response to histotripsy contrasts with thermal ablation, in which the treated cavity never
fully resorbs, and instead slowly decreases in size over time, remaining as a hypoenhancing area
on MR imaging [43-45]. The conversion from heterogeneous signal intensity pre-histotripsy to
homogeneous signal intensity post histotripsy may be a reliable metric to evaluate treatment
response, although further studies, particularly with radiology-pathology correlation, will be
needed to validate this finding.

The change in MRI signal, from heterogeneous to homogeneous, can be attributed to the
mechanical breakdown of the tissue structures at the targeted location, as evidenced by

histological assessment. In the partial ablation cases, non-ablated tumor regions (>~3mm
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diameter) are visible on the MR images and correspond to heterogeneous signal similar to the
pre-treatment tumors. This was not seen in the cases where the entire tumor was ablated. In
addition, the appearance of the recurrent tumor along the ablation margin eventually had imaging
characteristics similar to the pre-treated tumor, with an overall heterogeneously hyperintense
appearance. The use of alternative imaging sequences, including intravenous contrast agents,
may provide valuable information to optimally distinguish healthy tissue, residual tumor tissue,
and the homogenate on post-ablation scans. As seen on histology, a thin rim of viable HCC may
have remained along the margin of the completely ablated tumors due to the lack of an adequate
ablation margin, which was not detected on imaging. Thus, the use of intravenous contrast may
be useful in immediate post-ablation imaging to plan retreatment of any identified residual tumor
and may thus theoretically improve disease free survival with early detection of local recurrence.
In the current study, the average improvement in survival post inoculation was
statistically significantly higher in the complete ablation mice as compared to the control and
partial ablation mice. However, given limitations related to tumor location, all mice eventually
demonstrated recurrence. Further studies are needed to investigate survival benefits.

This study revealed no irreversible damage to structures adjacent to the ablation zone. In
instances where we attempted to define a margin outside the tumor region, post-treatment and
weekly follow-up MRI revealed edema in the leg musculature near the treatment region,
manifested as a T2-hyperintense signal, which resolved by 3 weeks in all subjects, without
permanent damage or resultant atrophy of the musculature. In cases where inflammation was
observed on the skin overlying the targeted tumor region, scar tissue was formed and resolved
within 2 weeks post treatment. Thus, preliminary studies suggest that histotripsy can be

performed relatively safely in a controlled situation, although further work showing the effect of
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histotripsy on central hepatic structures such as the veins and bile duct, must be performed,
though previous large animal studies have indicated no damage to veins near the histotripsy
ablation zone while treating liver [46].

In this study, the observation of multiple prominent regions of necrosis in post-histotripsy
recurrent tumor compared to the control tumor may be indicative of a histotripsy treatment
response in a subcutaneous tumor microenvironment. While in some cancers the development of
a necrotic core in untreated tumors has been associated with increased tumor size, high-grade
tumor progression, and poor prognosis [47], treatment induced HCC tumor necrosis is a desired
outcome for chemotherapy and many local interventional therapies including TACE, RFA,
MWA, percutaneous ablation [48-51]. Some studies have shown that when locoregional
interventional bridging treatments were utilized for downstaging prior to transplantation,
extended post-interventional tumor necrosis was associated with increased recurrence-free long-
term survival in patients with HCC [52, 53]. Conversely, some studies have demonstrated that
the post-ablation necrosis did not significantly influence the disease-free survival of patients who
underwent locoregional therapies, and in fact resulted in longer time to local progression [54,
55]. Given the limited number of animals and the immunocompromised subcutaneous tumor
microenvironment in the current study, further investigation is necessary in orthotopic tumor
models to fully understand the effect of histotripsy on inducing regulated tumor necrosis and the
eventual impact on disease-free survival.

There are a few other limitations of this study, primarily related to the choice of tumor
model. First, the subcutaneous tumors did not allow sufficient ablation margin beyond the tumor
boundary, and hence viable residual tumor cells post treatment resulted in eventual recurrent

tumor. Second, the subcutaneous model cannot replicate the tumor microenvironment as well as
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an orthotopic model. This limits the evaluation of the invasive characteristics of the tumor and
limits the metastatic potential of the tumor. Third, the immunodeficient nature of the murine
hosts did not allow us to examine the role of an intact immune system in tumor response to
histotripsy. Since the ablated tumor material is left in situ, the presence of an intact immune
system may influence the response to histotripsy, especially in cases where the remnants may
include viable tumor cells or components of the proteins in the tumor cells. In the next two
chapters of this dissertation, we investigate the long-term biological and immunological effects
of histotripsy for treatment of HCC in immunocompetent, orthotopic rodent liver tumor models.
Additionally, the use of basic MR sequences without intravenous contrast agents precluded the
possibility to detect enhancement which might be used to identify residual viable tumor. Future
studies with administration of intravenous MR contrast agent after ablation are needed. Finally,
as the current therapy system is specifically designed for rodents, the volumetric ablation rate is
low due to the necessary requirement of smaller focal zone (higher US frequency). In a large
animal or clinical system, the volumetric ablation rate is higher as larger focal zones (lower US
frequency) and electronic focal steering are utilized.

Overall, this study demonstrates the potential of histotripsy for non-invasive tumor
ablation using a subcutaneous immunocompromised murine model. The study also begins to
characterize the MR imaging findings seen after histotripsy treatment of subcutaneous HCC
tumors in mice and underscores its importance in the assessment of ablation success. Continued
studies of histotripsy in in vivo orthotopic, immunocompetent tumor models will prove
beneficial to continue to understand this new ablative technology and its safety and efficacy for

potential translation to the clinic.
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Chapter 3 Effects of Histotripsy on Local Tumor Progression in an In Vivo Orthotopic
Rodent Liver Tumor Model
A majority component of this chapter has been published in BME Frontiers © 2020 Tejaswi

Worlikar et al.

Reprinted with permission from T. Worlikar, M Mendiratta-Lala, E. Vlaisavljevich, et al., "Effects of Histotripsy on
Local Tumor Progression in an in vivo Orthotopic Rodent Liver Tumor Model," (in eng), BME Frontiers, vol. 2020,
2020, doi: 10.34133/2020/9830304.

3.1 Introduction

Liver cancer is a leading cause of cancer-related deaths worldwide and amongst the top
ten in the US [1, 2]. Hepatocellular Carcinoma (HCC) is the most common primary liver cancer,
accounting for >65% of all liver cancers [3]. In the United States, the incidence of HCC has
more than tripled since 1980 [4]. Five-year survival rates for liver cancer in the US are reported
at only 18%; the second lowest among all cancer types [1]. HCC is most frequently seen in
cirrhotic livers, often diagnosed at advanced stages of the disease when patients have become
symptomatic and demonstrate concomitant liver dysfunction. However, with improved HCC
screening of the cirrhotic population, tumors are identified at an earlier stage, and patients have a
variety of locoregional treatment options.

The management of HCC involves a complex decision-making process, considering not
only the tumor extent (i.e., size, location, number, vascular invasion, or extrahepatic
involvement) and patient comorbidities but also the severity of liver dysfunction, as most
treatments for HCC can exacerbate underlying liver disease [5]. Currently, curative treatment
options for HCC include liver transplantation, surgical resection, or thermal ablation [6].

However, approximately 80% of HCC patients are not surgical candidates. Patients with HCC
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eligible for liver transplant require an extensive evaluation and a mandatory waiting period
resulting in lengthening wait times for a donor organ [7, 8]. Even then, almost 70% and 20% of
patients undergoing resection and transplantation respectively, develop recurrent HCC [9, 10].
Locoregional therapies such as transcatheter arterial chemoembolization (TACE), transarterial
radioembolization (TARE), stereotactic body radiotherapy (SBRT), and percutaneous image-
guided ablations including radiofrequency ablation (RFA), microwave ablation (MWA) and
cryoablation, are commonly used for early or intermediate stage treatment [11, 12]. High
intensity focused ultrasound (HIFU) guided by real-time magnetic resonance imaging (MRI) or
ultrasound, is a non-invasive thermal ablation method that deposits continuous ultrasound waves
or long ultrasound bursts to generate sudden, localized heat to destroy focal tumor by coagulative
necrosis. Locoregional therapy has demonstrated improved disease-free and overall survival in
patients who cannot undergo resection and is used as a bridge to transplantation or for down-
staging borderline-eligible patients for transplant [15]. However, each form of locoregional
therapy has different limitations based on tumor location and extent of disease, as well as
morbidity based on the degree of underlying liver dysfunction secondary to cirrhosis [4, 16-18].
Histotripsy is the first non-invasive, non-ionizing, non-thermal, mechanical ablation
technique that employs acoustic cavitation to destroy target tissue with millimeter accuracy [19,
20]. Using microsecond-duration, low duty cycle (on-time/ total time < 0.1%), high-pressure (P-
>15MPa) ultrasound pulses applied from outside the body and focused inside the target tissue,
cavitation microbubbles are generated from endogenous nanometer gas pockets in the target
tissue with millimeter accuracy [19-21]. The rapid expansion and collapse of cavitation bubbles
result in a high strain that disrupts the cellular structure in the target region to form a liquid

acellular homogenate [20, 21]. The low duty cycle of the histotripsy pulses (ultrasound on-

76



time/total treatment time << 1%) prevents undesirable thermal effects and may allow
homogeneous ablations in highly vascular organs such as the liver [22]. In addition, the structural
integrity of large blood vessels, nerves, and bile ducts can be preserved inside the treatment
region due to the higher mechanical strength and resistance of collagen-based tissue to
histotripsy-induced damage in comparison to non-collagenous tissues such as parenchymal
organs and tumors [23-26]. Though histotripsy ablation can be visualized on both ultrasound and
MRI [27, 28], we are currently using ultrasound imaging for real-time treatment guidance and
MRI for post-treatment monitoring.

In previous studies, we have demonstrated that histotripsy can non-invasively break down
non-cancerous liver tissue into liquefied homogenate with no intact cellular structure in a human-
scale porcine model and rodent model [22, 25, 29, 30], with the ablated homogenate completely
absorbed by the body within a month. In an immunocompromised subcutaneous HCC murine
model, histotripsy was able to ablate the target tumor, which was resorbed over time, resulting in
an effective reduction of local tumor progression and improvement in survival outcomes [31].
However, due to lack of treatment margin, untreated viable residual tumor at the boundary
eventually led to progression. In this longitudinal study, the effect of partial and complete
histotripsy tumor ablation on local tumor progression was investigated in an orthotopic

immunocompetent rodent HCC model for the first time.

3.2 Materials and Methods

3.2.1 Experimental Design and Technical Design

Orthotopic N1-S1 hepatic tumors were developed in immunocompetent Sprague-Dawley
rodent hosts. Liver tumors were targeted for histotripsy ablation either partially (50 - 75% tumor

volume) or completely (100% tumor volume), and animals from both groups were monitored for

77



up to 3 months by MRI for local tumor response and examined by histological evaluation at
study endpoint. Additionally, MRI and pathology were used to evaluate for distant intra-hepatic
metastasis following histotripsy ablation. Primary tumor growth characteristics, tumor response
to histotripsy, MR imaging appearance, and survival outcomes were assessed.

The study protocol is shown in Figure 3-1. N1-S1 tumor cells were injected in the inferior
liver lobe of 30 Sprague Dawley rats weighing 200-250g. In the survival study, the rats were
categorized into three groups based on the tumor volume targeted for ablation: A) partially
targeted (n=6), B) entirely targeted (n=9), C) control (n=6). To demonstrate the acute response, a
fourth group of rats, D (n=2), was euthanized immediately after histotripsy. MRI and pathology
were performed on the acute rats. Five rats did not develop primary tumors and were thus
excluded from the study. Two rats developed tumors <5 mm in diameter and were also excluded
from the study. Histotripsy ablation (either partial or complete) was performed once the tumor
measured a minimum of 5 mm in its largest diameter. Rats in the survival study were monitored
weekly post ablation using MRI for up to 3 months or euthanized when the maximum tumor
diameter exceeded 25 mm. For the partial ablation groups, approximately 50 - 75% of the tumor
volume was targeted for ablation by histotripsy. In the entire tumor ablation group, the entire
tumor was targeted for ablation, with an additional small margin (<2 mm) of hepatic parenchyma
beyond the tumor boundary included in the target region. The choice of ablation volumes (viable
residual tumor intentionally left untargeted versus tumor completely ablated with additional
margin of healthy liver tissue) was selected to observe the differences in treatment response and

survival outcomes. The control rats received no treatment.

78



Survival Study:

Treatment study
Tumor diameter groups 3 months/
Day 0 Weekly >Smm : Weekly Tumor endpoint
- A. Partial
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Figure 3-1 Study Protocol: Histotripsy ablation (either partial or entire tumor) was performed once the tumor

measured a minimum of 5 mm in the largest diameter. The survival groups A, B, and C were survived and monitored

weekly using MRI for up to 3 months post treatment or until the maximum tumor diameter exceeded 25 mm. The

acute rats (group D) were euthanized immediately after ablation. For the partial ablation groups A and D, 50 - 75%

of the tumor volume was ablated by histotripsy. In the entire tumor ablation group B, the entire tumor with
additional margin was targeted for ablation. Animals in control group C received no treatment.

3.2.2 Cell Preparation

N1-S1 (ATCC® CRL-1604™) cells were obtained directly from the ATCC cell line

repository (shipped on 07/09/2018) and were cultivated in Iscove's Modified Dulbecco's Medium

(IMDM) containing 4 mM L-glutamine, 4500 mg/L glucose, and 1500 mg/L sodium

bicarbonate, supplemented with 10% FBS, 1% antimycotic-antibiotic and 1 mL Gentamicin. The

cells were maintained at 37°C in a 5% C0O2/95% humidified air atmosphere. The N1-S1

(ATCC® CRL-1604™) cell line has been originally established from a hepatoma induced by

feeding 4-dimethylaminoazobenzene to a male rat.

3.2.3 Animals and Study Approval

This study was approved by the Institutional Animal Care and Use Committee at the

University of Michigan (UM- IACUC, Protocol Number: PRO00007764). The UM-IACUC has
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specifically approved the internal orthotopic tumors to grow to a 25 mm maximum diameter size,
provided that none of the end-stage illness criteria are reached and the animals are monitored
weekly using MR imaging. End stage illness and humane endpoints guidelines were determined
as follows: animals exhibiting signs of dehydration, emaciation, cachexia, impaired mobility,
systemic infection, or abdominal or thoracic bleeding during or immediately after histotripsy
treatment were euthanized. The primary method of euthanasia was exposure to CO2 in
compressed gas form followed by a secondary method of euthanasia, which consists of inducing
bilateral pneumothoraces to ensure death, in accordance with UM-IACUC guidelines.

Thirty Sprague Dawley rats weighing 200-250g were purchased from Taconic (Hudson,
New York) and housed and maintained in specific pathogen-free (SPF) conditions in University
of Michigan ULAM (Unit for Laboratory Animal Medicine) housing facility. ULAM technicians
provided daily animal husbandry care. Animals were housed in ventilated cages with clean
nesting material. Animals were housed in biocontainment housing upon the injection of
cyclophosphamide and were moved back to regular SPF housing after 3 days, in accordance with
the UM-IACUC protocol. Animals were provided with rodent standard lab diet and autoclaved

water bottles.

3.2.4 Orthotopic Tumor Inoculation Procedure

All orthotopic tumor inoculation surgeries were performed in accordance with UM-
IACUC approved protocol. Twenty-four hours prior to tumor inoculation, rats were administered
100 mg/kg cyclophosphamide via intraperitoneal injection. Prior to and during surgery, the rats
were induced and maintained on general anesthesia by inhalation of isoflurane gas (1.5-2.0%)
admixed with 1 L/min of oxygen (SurgiVet V704001, Smiths Medical, Waukesha, Wisconsin,

USA). A small animal monitoring system was used to monitor the rectal temperature, heart rate
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and oxygenation (SpO2) levels throughout the surgery. Core body temperature was maintained
between 35-37°C with the use of a heating pad and an overhead heating lamp. Sterile field was
maintained during surgery and autoclaved instruments were used. The rats were injected with
Carprofen (Rimadyl, Pfizer, NY, USA) analgesic (5 mg/kg) subcutaneously before surgery and
once every 24 hours for 2 days after surgery for analgesia. The hair covering the chest and
abdomen was removed with an electric clipper. The surgical area was sterilized by scrubbing
with chlorhexidine spray, a wet 4x4 gauze, and iodine. To expose the liver, an open laparotomy
was performed by making a midline incision through the skin and the abdominal wall. Using
forceps and spreader, the left liver lobe was isolated. 2-4 million N1-S1 cells suspended in 0.1 ml
Matrigel + PBS (phosphate-buffered saline) were injected into the inferior portion of the left lobe
and pressure was applied on the injection site using sterile cotton tip applicators to prevent
leakage. The muscle layer was closed using absorbable sutures and the skin layer was closed
using staples. Animals were transferred to a recovery cage and were monitored until ambulatory;
thereafter, they were returned to their housing cage. Approximately one-week post-surgery, the
skin staples were removed. All rats were monitored weekly and tumor diameter measurements
were quantified using MRI. Once tumor diameters reached 5 mm in the largest dimension, the

rats in the treatment groups were treated with histotripsy.

3.2.5 Animal Preparation for Histotripsy

Prior to and during histotripsy, the rats were induced and maintained on general
anesthesia by inhalation of isoflurane gas (1.5-2.0%) in 1 L/min of oxygen (SurgiVet V704001,
Smiths Medical, Waukesha, Wisconsin, USA). The hair covering the chest and abdominal region
was removed with an electric clipper. Core body temperature was recorded using a rectal probe

and was maintained between 35-37°C with an overhead heating lamp. Rats were injected with
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Carprofen (Rimadyl, Pfizer, NY, USA) analgesic (5 mg/kg) subcutaneously before delivery of
histotripsy treatment and once every 24 hours for 2 days after treatment. Immediately after
histotripsy, the rats were transferred to a recovery chamber fitted with an overhead heating lamp
and were placed on a heated pad. Once the rats recovered from anesthesia and were mobile, they
were transferred back to their housing cages. The rats were monitored weekly for the duration of
the study. Tumor dimensions and the treatment response were monitored using MR imaging.
Animals were survived up to 3 months or until the tumors reached a diameter of 25 mm in

maximum diameter (tumor endpoint).

3.2.6 Rodent Histotripsy Setup

Our lab has designed and built a customized 8 element 1 MHz focused ultrasound therapy
transducer specifically for rodent histotripsy therapy [43]. The transducer (f number = 0.6) was
designed as a ring configuration scaffold consisting of 8 individually focused lead zirconate
titanate elements (20 mm diameter) operating at 1| MHz with a focal distance of 32.5 mm using
stereolithographic rapid prototyping techniques as discussed by Kim [44]. The histotripsy
transducer was driven by a custom-built high-voltage pulser controlled by a field-programmable
gate array (FPGA) development board (DEO-Nano Terasic Technology, HsinChu, Taiwan). The
electronical driving signal to the histotripsy therapy transducer was a 1-cycle pulse. The acoustic
waveform generated by the histotripsy transducer contained a single dominant negative pressure
phase. Histotripsy bubble cloud is produced when the maximum negative amplitude exceeds a
distinct pressure threshold (intrinsic threshold) inside the tissue [20, 45]. This intrinsic cavitation
threshold depends primarily on the negative pressure phase of the pulse and is not affected by the
positive pressure phases of the histotripsy pulses [21]. In free-field, the transducer generated an

estimated focal peak negative pressure >30 MPa based on pressure measurements from fiber
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optic hydrophone [22]. A 20 MHz B-mode ultrasound imaging probe (L40-8/12, Ultrasonix,
Vancouver, Canada) was co-aligned with the center of the therapy transducer to allow
visualization of the focal ablation volume in real time. The ultrasound therapy transducer and the
imaging probe were mounted to a motorized 3-axis positioning system (stepper motor:
17MDSI102S, Anaheim Automation, Anaheim, CA, USA and linear motion system: MS33-
100218, Thomson Linear Motor System, Radford, VA, USA) to mechanically scan the therapy
focus across a 3D target ablation volume (Figures 3-2A, B). The manufacturer precision for the
linear motion system is specified as 5 um and the stepper motor step size resolution is listed as
0.2250. Water was used as the ultrasound coupling medium by immersing the transducer and
imaging probe in a tank of degassed water maintained at 35-37°C by means of a coil heater. The

rat was placed on a custom-built animal platform just over the water tank.

A

Power Supply
3-axis Motorized Positioner PP}

Treatment

Platform Drive
Electronics

Therapy

Transducer
US Jinaging Probe
DegassedWater Computer
]
US Imaging System

Figure 3-2 Histotripsy Setup and Procedure. (4) Histotripsy therapy transducer, driven by custom-built driver
electronics, is interfaced with a computer which delivers histotripsy pulses to generate focal cavitation. Single focus
is scanned to cover desired target volume by using motorized positioner to control movement of the therapy
transducer and the imaging probe. (B) The 1 MHz histotripsy therapy transducer constructed as an 8-element ring
configuration with the coaxially aligned imaging probe in the center (C) Ultrasound imaging of the rat liver and
tumor was performed prior to placing the rat on the treatment platform to determine tumor location. The tumor
location is marked before the rat is placed on the treatment platform, which contains an aperture to allow the tumor
region intended for treatment to be immersed in water (ultrasound coupling medium). (D) Generation of

hyperechoic cavitation cloud (yellow arrow, two small circles mark the axial extent of the cavitation) in liver tumor
(dashed- lines).

3.2.7 Histotripsy Ablation
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To identify the therapy focus on ultrasound imaging, test histotripsy pulses were
delivered to the water tank by the therapy transducer to generate a “bubble cloud” (elliptical
shape of approximately 1 x 3 mm in water) which appeared as a hyperechoic cavitation zone on
ultrasound imaging. The position of the resultant small focal hyperechoic cavitation zone was
then marked as the therapy focal position on the ultrasound image.

After sedation, the animal was placed supine and dedicated real-time ultrasound
grayscale imaging was performed over the liver to identify the location and size of the tumor
(Figure 3-2C). The approximate location was marked with an ‘X’ with a washable marker.
Thereafter, the animal was placed prone on the treatment table with the abdominal region
submerged in the degassed water. The therapy transducer was then moved by the motorized
positioning system to align the therapy transducer focus with the center of the tumor on the
ultrasound image. All tumors were measured by real-time ultrasound imaging and correlation
was made with the most recent MRI to ensure accurate size measurement and treatment of
adequate tumor volumes. The boundaries of the intended treatment region in 3 dimensions (axial,
lateral and elevational) were manually determined on ultrasound imaging and an ellipsoid
‘volume’ was generated from these user-defined boundary values using a custom MATLAB
script. This treatment ellipsoid encompassed the 3D tumor volume to be targeted for ablation and
consisted of a grid of uniformly spaced therapy focal zones (~0.5 — 0.75 mm (lateral, elevational
directions) and ~0.75 - 0.9 mm (axial direction) between adjacent focal volumes (Supplementary
Figure S3-1). This target volume, as defined on ultrasound imaging, covered approximately 50-
75% of the original tumor volume for partial ablation or the complete tumor with additional
margin (up to 2 mm) for entire ablation. The transducer focus was mechanically scanned (using

the motorized positioning system to move the therapy transducer and the imaging probe) to
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follow the MATLAB-generated grid of focal locations within the treatment ellipsoid. At each
focal location, 50 histotripsy pulses at 100 Hz PRF (p- >30 MPa) were delivered, which equate
to 0.5 seconds of ablation time. After ablation, the targeted region appeared hypoechoic on
ultrasound imaging, enabling real-time feedback. During ablation, histotripsy-induced cavitation
was hyperechoic in appearance compared to the surrounding tissue on ultrasound imaging
(Figure 3-2D), which was used to monitor the ablation. Selection of histotripsy parameters

(Table 3-1) was based on results of previous in vivo and in vitro work done in our lab [46].

Table 3-1 Histotripsy Ablation Parameters

Histotripsy Pulse Length 1-2 cycles
PRF (Pulse Repetition Frequency) 100 Hz
Estimated Peak Negative Pressure at Focus >30MPa-
Number of Treatment Locations in Target Volume 2000-3000

Number of Histotripsy Pulses Delivered to each Location 50

Treatment Location Spacing within Target Volume 0.5 - 0.7 mm (lateral, elevational),
0.75 - 0.9 mm (axial)

Treatment Time 10-15 minutes based on the targeted volume

3.2.8 Magnetic Resonance Imaging for Treatment Evaluation

MRI data was obtained within 1 day prior to histotripsy and within 1-day post-histotripsy,
followed by weekly imaging to assess the effects of tumor ablation and characterize MR signal
variations in tumor appearance. Imaging was performed on a 7.0 T MR small animal scanner
using a Direct Drive console (Agilent Technologies, Santa Clara, CA, USA) with a 60 mm inner-
diameter transmit-receive radiofrequency (RF) volume coil (Morris Instruments, Ontario,
Canada) and 70 mm inner-diameter transmit-receive RF volume coil (Rapid 70, RAPID MR
International, Ohio, U.S.A.). Prior to and during imaging, the rats were induced and maintained

on general anesthesia by inhalation of isoflurane gas (1.5-2.0%) in 1 L/min of oxygen (SurgiVet
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V704001, Smiths Medical, Waukesha, Wisconsin, USA). Respiration was monitored and animal
temperature was maintained at 37+0.5 °C using a rectal temperature probe and a custom-built
proportional-integral-derivative (PID) controller (LabVIEW, National Instruments, Austin TX)
interfaced with a commercially available small animal system (SA Instruments, Stony Brook,
NY). Initial pilot scans were performed to confirm positioning. Thereafter, a 2D T2-weighted
fast spin-echo (FSE) with respiratory gating was used to visualize the tumor in the coronal plane
(Table 2). Intravenous contrast agents were not administered in this study. MRI data was
obtained within 1 day prior to histotripsy and within 1 day post-histotripsy, followed by weekly
imaging to assess the effects of tumor ablation and characterize variations in imaging
appearance. Imaging was performed on a 7.0 T MR scanner using a Direct Drive console
(Agilent Technologies, Santa Clara, CA, USA) with a 40 mm inner-diameter transmit-receive
radiofrequency (RF) volume coil (Morris Instruments, Ontario, Canada). Prior to and during
imaging, the mice were induced and maintained on general anesthesia by inhalation of isoflurane
gas (1.5-2.0%) in 1 L/min of oxygen (SurgiVet V704001, Smiths Medical, Waukesha,
Wisconsin, USA). Respiration was monitored and animal temperature was maintained at 37+0.5
°C using a rectal temperature probe and a custom-built proportional-integral-derivative (PID)
controller (LabVIEW, National Instruments, Austin TX) interfaced with a commercially
available small animal system (SA Instruments, Stony Brook, NY). Initial pilot scans were
performed to confirm positioning. Thereafter, T2 and T1-weighted fast spin-echo (FSE)
sequences and a T2*-weighted gradient-echo (GRE) sequence were used to visualize the tumor

in the axial plane (Table 4-2).

Table 3-2 MR Imaging Parameters

TR (ms) * 2000 ms

86



TEeff (ms) 10 ms

ESP (ms) 10

ETL 8

FOV (mm?) 60x60

Kzero 2

Data Matrix (zero-filled) 256x256 (512 x 512)
Voxel Size (um3) 117x117x1000
Slice Thickness (mm) 1

Number of image slices acquired per scan* 15,20, 21 or 28
Slice Orientation Coronal

Scan Time (minutes) ~8

TR = Time to Repetition, TEeff = Effective Echo Time. ESP = echo spacing, ETL = echo train length, FOV = field
of view. *In majority of scans (>80%,), 21 image slices were acquired. In the only scan acquiring 28 image slices,
TR was set to 3000 ms.

The overall signal characteristics of the pre-treatment and post-treatment tumor using T2-
weighted FSE were recorded and compared to each other to identify potential changes which
would differentiate non-viable tumor from viable tumor. Tumor volume and post-ablation
homogenate volumes were quantified by summing area measurements made from each slice of
the 2D T2-weighted FSE acquisition. Tumor diameter measurements were also made on the T2-
weighted sequence in orthogonal anterior-posterior (coronal) and superior-inferior (axial)
dimensions. Signal characteristics of the pre-treatment tumor and the post-treatment ablation
zone were also recorded. Surrounding structures such as the musculature and body wall were
evaluated for signs of injury. MR evaluation of the surrounding hepatic parenchyma, overlying
histotripsy pathway from the skin to the targeted lesion, and distant sites was also performed to

evaluate for local injury or distant metastasis.

3.2.9 Histological Analysis
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Post euthanasia, treated tumor, as well as liver tissue samples were harvested and fixed in
10% buffered formalin for histopathological analysis. Fixed tissue samples were submitted to
ULAM-IVAC (Unit for Laboratory Animal Medicine — In Vivo Animal Core) for paraffin
embedding as well as staining. Samples were sectioned in 5-micron slices and stained with
hematoxylin and eosin (H&E). Slides were examined by a board-certified liver pathologist (JS)
for histopathologic analysis, under a light microscope (Olympus BX43) which was used to

capture images.

3.2.10 Statistical Analysis

Experimental data were analyzed using Microsoft Excel (2013). Pre-treatment timepoint
tumor volumes in each survival group (control, partial ablation and complete ablation) were
compared with the single-factor ANOVA test, with significance defined as p < 0.05. Survival
analysis was performed using the Kaplan-Meier method. Survival time data of control and
treated rats in each group was compared with the two-tailed Student’s t test, with significance

defined as p < 0.05.

3.3 Results

3.3.1 Clinical Monitoring

All tumor inoculation procedures and histotripsy procedures were well tolerated with no

minor or major complications or deaths.

3.3.2 Local Tumor Response to Histotripsy

Effective tumor volume reduction with no recurrence was observed in 9/9 completely

ablated animals and 5/6 partially ablated animals (Figure 3-3A). The original untreated tumor
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demonstrated mild hyperintense signal on T2-weighted MRI when compared to the adjacent
uninvolved liver parenchyma. Tumor volumes at the pre-treatment timepoint ranged from 55.26
mm? to 2173.05 mm? with 636.49 £ 358.52 (mean + SEM) in the control group, 67.35 mm? to
2900.77 mm?> with 834.18 + 436.68 in the partial ablation group, and 64.06 mm? to 1476 mm?
with 401.31 + 148.28 in the entire ablation group. There were no statistically significant
differences in the mean tumor volumes of the three groups at the pre-treatment timepoint (p =
0.58). Subsequent timepoints are measured from the pre-treatment/ histotripsy timepoint (week

0).

3.3.3 Survival Outcomes

In general, rats in the complete ablation group survived significantly longer than the
control rats (p = 0.039) (Figure 3-3B). Though animals in the partial ablation group had better
survival outcomes than the control group, the difference was not statistically significant (p =
0.13) (Figure 3-3B). The survival time was 7.5 £ 2.03 (mean = SEM) weeks in the control group,
12 + 0 weeks in complete ablation group, and 10.5 + 1.5 weeks in partial ablation group. The
survival time range was 2-12 weeks for the control group, 3-12 weeks for partial ablation group,
and 12 weeks for complete ablation group after histotripsy timepoint. All survival times are
reported at the post histotripsy timepoint, which was two weeks post tumor inoculation. 9/9
animals in the complete ablation group, 5/6 animals in partial ablation group, and 3/6 animals in
the control group were still surviving at 12 weeks, but euthanized due to reaching the study
endpoint per our protocol. Thus, the lack of a significant difference in survival time between the
partial ablation and control group is in part due to the study endpoint in our protocol. The
remaining 1/6 animals in partial ablation group and 3/6 animals in the control group were

euthanized at earlier timepoints due to tumor burden greater than 25 mm in any one dimension.
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Figure 3-3 Histotripsy Tumor Response and Survival Outcomes. (4) Local tumor regression was observed in 9/9
complete ablation cases and 5/6 partial ablation cases irrespective of large tumor volume (>200 mm3) or small
tumor volume (<200mm3) as measured at the pre-treatment timepoint (week 0). In contrast, 3/6 control animals
demonstrated steady tumor progression while the other 3/6 control animals demonstrated spontaneous regression of
their tumors. Individually scaled y-axes are used to more clearly illustrate changes in tumor size. (B) Kaplan Meier
survival curve comparing survival outcomes in control, partially ablated, and completely ablated groups. All
animals still surviving at 12 weeks were euthanized due to reaching the study endpoint (3 months) in the protocol.

3.3.4 Tumor Response to Complete Histotripsy Ablation — MRI Observations

Generally, smaller tumors (largest dimension measured < 1 cm) appeared homogeneous,
and their appearance became increasingly heterogeneous as the largest dimension measured >1

cm (Figures 3-4, Supplementary Figure S3-2). MRI imaging performed within 6 hours post-
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ablation demonstrated T2-hypointense signal at the ablation zone (Figure 3-4A). MR imaging
performed ~ 1 week after histotripsy ablation demonstrated T2 hyperintense signal within the
treatment cavity which mimics that of fluid. The T2 hyperintense appearance persisted for up to
3 weeks post histotripsy, gradually becoming less hyperintense and completely transforming to
T2-hypointense signal by week 7 as the treatment cavity decreased in size over time indicating
tumor regression (Figures 3-4A, Supplementary Figures S3-2, S3-3). At 8-12 weeks post-
histotripsy, a 1-5 mm hypointense area was observed at the original tumor site, indicating fibrous
tissue and calcification remnants, as confirmed by histology. Supplementary Figure S3-2
compares the T2W MRI appearance of the post histotripsy lesion at select timepoints with the
appearance of viable pre-treatment tumor. Supplementary Figure S3-3 shows imaging
observations at all weekly timepoints for the complete ablation case demonstrated in Figure 3-

4A.
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Figure 3-4 Tumor Response to Histotripsy on T2-weighted MRI. The size and appearance of tumor (vellow arrow)
in response to complete and partial histotripsy ablation is observed at different timepoints. (A) Complete ablation -
pre-treatment (mildly hyperintense), post treatment ablation zone (hypointense), ablation zone at week 1 (mildly
hyperintense), week 3 (mildly hypointense, size regression), week 7 (hypointense, size regression) and week 12 (<5
mm hypointense region) (B) Partial ablation - pre-treatment (mildly hyperintense), post treatment ablation zone
(hypointense, shown by red dashed lines) and untreated tumor region (mildly hyperintense), lesion at week 1 (mildly
hyperintense) with pseudoprogression characteristics (blue arrow), week 3 (mild hyperintense, size regression),
week 7 (hypointense, size regression), and week 12 (~5 mm hypointense region). (C) Partial ablation with a
separate untreated nodule (red arrow) — ablation zone and untreated nodule at week 1 (mildly hyperintense), week 3
(mildly hyperintense with no size progression), week 7 (hypointense, size regression) and week 12 (<3 mm
hypointense region). (D) Partial ablation with adjacent untreated nodule (red arrow) - ablation zone at weeks 1-3
shows a central hyperintense zone (yellow arrow) surrounded by heterogeneous hypointense zone (blue arrow). The
untreated nodule (red arrow) increases in size over weeks 1-3 and demonstrates mildly T2-hyperintense signal. In
animals demonstrating regression, the hypointense region at the original tumor site observed on ~3 month MRI,
indicates near complete resolution of the tumor.

3.3.5 Tumor Response to Partial Histotripsy Ablation - MRI Observations

For the partially treated tumors, the treatment cavity demonstrated a T2 hypointense
signal and the residual untreated tumor demonstrated mild T2 hyperintense signal (Figure 3-4B).

The hypointense appearance of the ablation zone seen in the early post-ablation period (<6
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hours) allowed for easy delineation between ablated and residual non-ablated tumors. MRI also
revealed a transient increase in the size of the lesion when compared to the pre-treatment tumor
size at 1 week post histotripsy (Figure 3-4B), presumably due to inflammation derived tumor
pseudoprogression. The entire lesion began to regress starting at week 3, resulting in near-
complete resolution of the tumor homogenate in weeks 4-12 with a ~5 mm non-tumoral fibrous
tissue zone detectable on MRI remaining at the original tumor site at the 3-month timepoint in
5/6 animals (Figure 3-4B and Supplementary Figure S3-4).

Of note, two cases demonstrated a separate small nodular tumor adjacent to the targeted
tumor, and the separate small tumor nodule was left untreated. On MRI, the untreated tumor
maintained the same appearance after treatment as the pre-treatment tumor. In the first case
(Figure 3-4C), both the residual tumor along the margin of the partially ablated tumor and the
adjacent untreated nodule responded and regressed starting at week 3, and eventually resulted in
near-complete resolution by week 12. However, in the second case (Figure 3-4D), the untreated
nodular tumor continued to increase in size and demonstrated signal characteristics similar to the
pre-treatment tumor. The treated portion of the tumor demonstrated the expected
pseudoprogression at weeks 1-3. The rat was euthanized at week 3 due to increased tumor
burden reaching euthanasia limit, and thus the long-term effect of histotripsy on the untreated
nodule could not be investigated. Supplementary Figures S3-4 and S3-5 show imaging
observations at all weekly timepoints for the partial ablation cases demonstrated in Figures 3-4B,

C.

3.3.6 Tumor Response to No Treatment (Control) - MRI Observations

In the control group, tumor burden continued to increase in all animals until two weeks

post-inoculation. In three rats, control tumors demonstrated satellite nodules along the periphery
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of the primary tumor which increased in size. The peripheral satellite nodules also continued to
develop which contributed to the progressive increase in tumor burden and the animals were
euthanized at by 2-4 weeks (Figure 3-5A). In the other three control animals, tumors developed a
diffuse mottled and heterogeneous appearance by week 3 and eventually spontaneously
regressed by week 12 (Figure 3-5B). Supplementary Figure S3-6 shows imaging observations at

all weekly timepoints for the control tumor demonstrated in Figures 3-5B.
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Figure 3-5 Control Tumor Evolution on MRI. (4) Control tumor (yellow arrow) demonstrates satellite nodules
along the periphery of the primary tumor (red arrow), which eventually contribute to tumor progression. (B)
Control tumor (vellow arrow) develops a mottled and heterogeneous appearance, similar to that of
pseudoprogression by week 3, and regresses as evidenced by decreasing tumor burden at weeks 5 and 12.

3.3.7 Effects on Adjacent Tissue

The original ablation volume in the complete treatment cohort (n=9) included up to a 2
mm margin of the normal hepatic parenchyma, to ensure complete ablation of potentially
microscopic disease. Post-treatment imaging in all subjects demonstrated ‘pseudoprogression’ of

the ablated tumor, in which the entire lesion increased in size, likely a combination of immediate
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post-treatment edema and the acellular homogenate which was created by histotripsy ablation.
This was resolved within 2-3 weeks post-treatment in all subjects demonstrating regression.
There was no evidence of immediate post-histotripsy tissue damage along the treatment path
outside the treatment zone on MR imaging (i.e., no T2 signal changes). Additionally, there were
no gross changes seen on the skin surface in any of the animals treated by histotripsy. Apart from
the residual fibrous scar at the treatment zone, there was no imaging or histopathologic evidence

of parenchymal atrophy surrounding the ablation zone.

3.3.8 Histological Analysis

In untreated tumors in the control group that did not regress (n=3/6), prominent regions
of necrosis were observed at week 3 (euthanasia timepoint) (Figure 3-6A). In the acute study
group (n=2), the treated region was composed of extravasated blood cells, fibrin, and
inflammatory cells on Day 0 (Figure 3-6B). In the partial ablation survival group, in animals
demonstrating regression (n=5/6), histology analysis revealed scar tissue (<5 mm) with scattered
dystrophic calcification within the ablated region and a submillimeter rim of inflammatory cells
separating the ablated zone from the normal liver at 3 months (euthanasia timepoint) (Figure 3-
6C). No residual viable tumor cells were observed. Similar to the partial ablation, in the
completely ablated group (n=9/9), the ablation zone also demonstrated scar tissue (<5 mm) with
scattered dystrophic calcification and inflammatory cells and no evidence of viable tumor at 3
months (euthanasia timepoint) (Figure 3-6D). These histology observations correlate with the
MRI observation of <5 mm T2-hypointense tissue at the original treatment site, indicating
complete regression of these tumors to form residual scar tissue. In control rats demonstrating
regression, no residual tumor cells were observed, with similar findings of scattered

inflammatory cells surrounding scar tissues and calcification at the original tumor site (Figure 3-
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6E). In the partial ablation case where the tumor did not regress (n=1/6), the tumor showed

necrosis regions at week 3 (Figure 3-6F).
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B. Partial Ablation, Day of Treatment

fi 2

E. Control Tumor, Week 12 (Regression)

F. Partial Ablation Tumor, Week 3 (Progresson)

Figure 3-6 Representative Histology Images. (4) Control HCC at 3 weeks demonstrating progression, shows viable
tumor T with prominent region of necrosis N. (B) Partial ablation on day 0, the ablation zone A is comprised mainly
of extravasated red blood cells and fibrin, and is surrounded by regions of inflammatory cells I and regions of
viable tumor T. (C) Partial ablation at 12 weeks demonstrating tumor bed completely replaced by scar tissue S and
scattered areas of dystrophic calcification CZ within the ablated region with a thin rim of inflammatory cells [
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separating the ablated zone from normal liver L and no evidence of viable tumor. (D) Complete ablation at 3
months demonstrating tumor regression, and replacement by scar tissue S with scattered dystrophic calcification CZ
and a thin rim of inflammatory cells I. No evidence of viable residual tumor in the surrounding normal liver L. (E)
Control tumor at 3 months demonstrating complete tumor regression, scattered inflammatory cells surrounding scar
tissue S and dystrophic calcification CZ at the original tumor site. No evidence of viable residual tumor in the
surrounding normal liver L. (F) Partial ablation at 3 weeks demonstrating tumor progression. Viable tumor T is
observed with some regions of necrosis N. Timepoints are measured from the histotripsy treatment time as week 0.

3.3.9 Effects on Metastases
No metastases were detected within the liver by gross or microscopic evaluations in any
of the ablation groups. However, the N1-S1 tumor model does not naturally develop metastasis,

and our results support that histotripsy did not yield unexpected intrahepatic metastasis.

3.4 Discussion

This study evaluated the local tumor progression of orthotopic HCC in response to a
single histotripsy treatment in an immune-competent, N1-S1 rodent liver tumor model. The N1-
S1 rodent tumor model is one of the most common rodent orthotopic HCC models used for
image-guided interventional oncology research [32, 33]. Histotripsy has been studied extensively
to treat normal liver tissue in human-scale porcine models [25, 29, 30]. To our knowledge, this is
the first study investigating histotripsy ablation of orthotopic, liver tumors in immunocompetent
rats with a long term (3 months) follow-up.

Histotripsy ablation responses were evaluated with MRI and histology. Our results
demonstrate that histotripsy resulted in effective local tumor burden reduction with no local
recurrence in 14/15 treated rats which demonstrated complete regression of the original ablated
tumor. The ablated volume was nearly completely resorbed (with only a small focus of residual
fibrous scar remaining at original site) in 5/6 rats which underwent partial tumor ablation and 9/9
rats which underwent entire tumor ablation. In these animals, the appearance of the ablated

volume had transformed completely to T2-hypointense (indicative of non-tumoral scar tissue) by
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week 7 and there were no further observable changes in its appearance until the final imaging
timepoint at week 12 when it was confirmed by histology that there was no viable tumor. No
histotripsy-treated animals demonstrated intrahepatic metastases.

MRI has been utilized to characterize tumor response and to quantify tumor necrosis in
pre-clinical animal and human tumor models as well as for the clinical assessment of
locoregional therapies [18, 34]. In this study, post-histotripsy MRI results of partially ablated
tumors demonstrated clear delineation between treated tumor and residual viable tumor, as seen
by differences in their T2 signal. Thus, histotripsy therapeutic response can be assessed by MRI
immediately post-ablation, as the signal characteristics of the pre-treatment tumor and the
ablated zone are distinct. These characteristics are essential for early post-HCC treatment
response evaluation, as the immediate detection of the residual tumor can allow for follow-up re-
treatment to ensure adequate ablation. This is a limitation of current practices with some forms of
locoregional therapy for HCC (particularly arterial and radiation-based locoregional therapy
(TACE, TARE, and SBRT)), in which treatment effectiveness can only be adequately assessed
4-12 weeks post-treatment [35].

MR imaging also demonstrated tumor pseudoprogression (transient increase in the size of
the targeted tumor) following histotripsy, seen as an early enlargement of the treatment cavity
before subsequently regressing, as evidenced by decreasing the size of the treatment zone and
eventual conversion to a small T2 hypointense fibrous nodule. Although the treatment cavity size
transiently increased in the early post-treatment time period (up to 3 weeks), the MR imaging
appearance of the treatment zone remained distinct from the residual viable tumor, as seen in the
partial ablation group. The imaging findings of pseudoprogression are usually seen in tumors

treated with systemic immunotherapy (e.g., melanoma, renal cell carcinoma, and squamous cell
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lung carcinoma), although pseudoprogression has also been reported after locoregional ablation
therapies as well as immunological therapies for HCC [36-38]. Previous studies have indicated
that an immunologic response to treatment may induce the infiltration of immune mediators and
subsequent inflammation within the tumor, which results in the appearance of tumor
pseudoprogression [3, 37]. Though histotripsy relies on mechanical cavitation to destroy tumor
cells and is not a pure immunologic treatment, the findings of immune cell infiltration
surrounding the treatment cavity as seen on histology post-treatment, as well as the increased
tumor size 1-3 weeks post histotripsy on MRI evaluation, suggests pseudoprogression may be the
initial response to histotripsy, followed by the anti-tumor response resulting in regression of the
viable untreated tumor. These results are consistent with the regression of untreated tumors in
5/6 of the partially treated cases. Our recent study has demonstrated that histotripsy ablation of
subcutaneous murine B16GP33 melanoma tumors in immunocompetent C57BL/6 murine hosts
releases tumor antigens with preserved immunogenicity resulting in a potent local and systemic
immunostimulatory response, which reduced distant untreated tumors [39]. In the poorly
immunogenic Hepa 1-6 subcutaneous liver tumor model with immunocompetent C57BL/6
murine hosts, histotripsy by itself and in combination with checkpoint inhibition immunotherapy
stimulated abscopal immune effects at distant tumor sites [39]. In comparison, in a separate study
on immunocompromised mice bearing Hep3B human cell line-derived subcutaneous flank
tumors, histotripsy tumor ablation resulted in near-complete resorption of the ablation zone.
However, due to a lack of sufficient margin along the skin-ablation zone interface, residual
viable tumor cells were observed resulting in eventual tumor recurrence in the

immunocompromised mice [31]. Further studies are planned to explore the specific
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immunomodulation mechanisms in response to histotripsy in orthotopic liver tumor models and
directly compare the response in immunocompromised vs immunocompetent hosts.

One confounding result in this study is that 3/6 control rats demonstrated spontaneous
regression of their tumors despite lack of treatment, although the other 3 control animals
demonstrated steady tumor progression and had to be euthanized due to increased tumor burden.
Other studies have also reported that N1-S1 tumors may automatically regress after 5-6 weeks
[32]. The presence of an intact immune system may have contributed to the regression of the
tumor in otherwise healthy subjects. Further studies, with larger numbers of controls, using more
aggressive and highly metastatic HCC tumor models, are needed in order to understand the
effects of histotripsy on intrahepatic and distant metastases and the eventual impact on disease-
free survival outcomes.

This study revealed no irreversible damage to structures both adjacent to the ablation
zone and along the ablation path. In instances of complete ablation where we attempted to define
a margin outside the tumor region, post-treatment and weekly follow-up MRI revealed edema in
the liver surrounding the treatment region, manifested as a T2-hypointense signal. Despite
deliberate ablation of healthy liver tissue to ensure an adequate ablation margin, post-histotripsy
imaging revealed no atrophy within the parenchyma adjacent to and upstream from the ablation
zone, confirmed with gross pathology and histology. Furthermore, there were no abnormal
signals or imaging findings seen on MRI along the cavitation pathway from the surface of the
skin to the tumor within the liver, and even deep to the tumor. There was no intrahepatic biliary
ductal dilatation within the parenchyma upstream from the ablation zone and no evidence of
vascular injury including bleeding or venous thrombosis (although lack of intravenous contrast

may have limited evaluation). These findings are supported by previous large animal studies that
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have indicated no damage to veins near the histotripsy ablation zone or other off-target tissues
while treating liver [30].

There are a few other limitations of this study, primarily related to the choice of tumor
model. First, N1-S1 cells implanted orthotopically do not fully mimic tumors that develop
spontaneously in a cirrhotic liver. Since the N1-S1 cell line is of non-human origin, it does not
fully represent human HCC, thus limiting the ability to translate this data to human HCC. Inter-
host tumor growth variability was also observed at the pre-treatment timepoint as tumorigenesis
is a complex process involving interactions with the immune system. As injection of
cyclophosphamide was performed 24h prior to tumor inoculation to support tumor formation by
initiating temporary immune suppression [40], there may have been differences in the
immunosuppression action across hosts as evidenced by the observed tumor volume
heterogeneity at two weeks post-inoculation. Despite this limitation, an immunocompetent rat is
necessary in order to study the role of the immune system in the effects of histotripsy on the local
tumor. And using a human HCC cell line in an immunocompromised rodent model would limit
the investigation of an immune-mediated response to histotripsy. Another limitation of this study
is the use of basic MR sequences without intravenous contrast agents or diffusion-weighted
imaging (DWI) sequences. Further studies using additional MR sequences to evaluate pre- and
post-histotripsy treated tumors at varying time intervals post-ablation are necessary to better
understand imaging features post-histotripsy. DWI sequences can help evaluate post-treatment
MR signal transformations, allowing clearer differentiation between local tumor progression
versus post treatment tissue changes, such as early pseudoprogression [41]. Contrast
enhancement on MRI with liver-specific contrast agents may further enhance detection of

ablation-induced effects such as vascular obstruction, edema, and tumor necrosis [42].
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Overall, this study demonstrated the potential of histotripsy for non-invasive tumor
ablation in an immunocompetent rodent HCC model with a high safety profile and low risk of
local tumor progression. The study also characterizes the MR imaging observations
demonstrating treatment response for up to 3 months following treatment. Local tumor shrinkage
was observed in 14/15 (93.3%) treatment rats with no recurrence at 3 months. Additionally,
preliminary data showed complete tumor regression despite only partial tumor treatment. The
lack of injury to adjacent organs or tissue along the treatment pathway demonstrated a high
safety profile for histotripsy. Furthermore, this study suggests a possible immune-mediated
response stimulated by histotripsy, resulting in local tumor cell destruction. Research is ongoing
to further evaluate the effects of primary tumor histotripsy ablation on distant metastatic tumors.
Future studies will continue to investigate the safety, efficacy, and biological effects of

histotripsy for potential translation to the clinic.
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3.6 Supplementary Figures
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Figure S3-7 Generation of treatment ellipsoid for histotripsy targeting and 3D scan path. (A) The treatment
ellipsoid (yellow) encompasses the entire 3D tumor volume to be targeted for ablation with additional margin up to
2mm (green) and contains a grid of uniformly spaced therapy focal zones (blue dots), which determines the 3D scan
path. (B) For partial ablation cases, only part of the tumor volume (yellow) is targeted for ablation and the rest

(black) is left untreated.
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Comparison of T2W MRI appearance of ablated tumor post histotripsy at select timepoints with
viable pre-treatment tumor

Case #1 Case #2 Case #3 Case #4 Case #5
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Figure S3-2 T2W MRI appearance of histotripsy treated tumor at select timepoints compared to pre-treatment
viable tumor for complete and partial ablation cases. At week 3, the lesion begins to regress, resulting in T2
hypointense signal at the ablation site by week 7. The tumor continues to regress until week 12, but there is no
further observable change in signal compared to week 7.
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Figure S3-3 T2W MRI appearance of histotripsy treated tumor (complete ablation) at all timepoints. Complete
ablation - pre-treatment (mildly hyperintense), post treatment ablation zone (hypointense), ablation zone at weeks -
2 (mildly hyperintense), weeks 3-6 (mildly hypointense, size regression), weeks 7-12 (hypointense, size regression)

with <5 mm hypointense region observed at final imaging timepoint. This figure demonstrates all imaging
timepoints for the case demonstrated in Figure 4-4A.
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Partial Ablation Tumor (Regression) — All Timepoints
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Figure S3-4 T2W MRI appearance of histotripsy treated tumor (partial ablation) at all timepoints. Partial ablation
- pre-treatment (mildly hyperintense), post treatment ablation zone (hypointense, shown by red dashed lines) and
untreated tumor region (mildly hyperintense), the lesion at week 1 (mildly hyperintense) with pseudoprogression
characteristics (blue arrow), week 2 (mildly hyperintense), week 3 (mildly hyperintense, size regression), weeks 4-12
(gradual transformation to hypointense, size regression), and week 12 (~5 mm hypointense region). This figure
demonstrates all imaging timepoints for the case demonstrated in Figure 4-4B.
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Partial Ablation Tumor with Separate Nodule (Regression) — All Timepoints
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Figure S3-5 T2W MRI appearance of histotripsy treated tumor (partial ablation with separate untreated nodule)
at all timepoints. Partial ablation with a separate untreated nodule (red arrow) — the lesion consisting of ablation
zone and untreated nodule at weeks 1-2 (mildly hyperintense), week 3 (mild hyperintense with no size progression),
weeks 4-12 (hypointense, size regression) and week 12 (<3 mm hypointense region). This figure demonstrates all
imaging timepoints for the case demonstrated in Figure 4-4C.
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Control Tumor (Regression) — All Timepoints
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Figure S3-6 T2W MRI appearance of control tumor at all timepoints. Control tumor (vellow arrow) develops a
mottled and heterogeneous appearance, similar to that of pseudoprogression by week 3, and begins to regress as
evidenced by decreasing tumor burden until week 12. By week 7, the appearance of the tumor becomes hypointense
and this appearance is maintained until week 12. This figure demonstrates all imaging timepoints for the case
demonstrated in Figure 4-5.
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Chapter 4 Impact of Histotripsy on Development of Intrahepatic Metastases in a Rodent
Liver Tumor Model

A majority component of this chapter has been published in Cancers © 2022 © by the authors.

Reprinted with permission from T. Worlikar, M Zhang, A. Ganguly et al.," Impact of histotripsy on development of
intrahepatic metastases in a rodent liver tumor model” (in eng), Cancers 2022, 14, 1612.
https://doi.org/10.3390/cancers14071612

4.1 Introduction

Liver cancer is one of the top ten causes of cancer related deaths worldwide and in the
United States [1]. Hepatocellular carcinoma (HCC) accounts for 75% of all liver cancer cases,
most frequently occurring in patients with chronic liver diseases from etiologies such as hepatitis
B and C, alcohol abuse, non-alcoholic steatohepatitis (NASH) and non-alcoholic fatty liver
disease (NAFLD) resulting in cirrhosis [2]. The liver is also a frequent site for metastases
originating from colorectal cancer, pancreatic cancer, melanoma, lung cancer and breast cancer
[3]. Depending on the location, severity and staging of liver cancer, multiple treatment options
are currently available including surgical resection, liver transplantation, ablation techniques
(including radiofrequency ablation (RFA), micro-wave ablation (MWA), cryoablation, high
intensity focused ultrasound (HIFU)), chemotherapy, radiation therapy, targeted drug therapy
and immunotherapies [4]. Even with current medical treatments, the 5-year patient survival rate
in the United States is only 20%, the second lowest amongst all cancers [1]. Symptoms
associated with liver cancer may not show at early stages, placing the patients at an increased
risk for nodal and distant metastases which further lowers their 5-year survival rate to an
estimated 3-11% [5]. Even after treatment, high prevalence of tumor recurrence and metastasis

[6] highlights the clinical need for improving outcomes of liver cancer. In fact, metastasis
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accounts for >90% of all cancer-associated deaths and metastatic progression is predominantly
regulated by the complex signaling pathways between the primary tumor and stromal cells,
especially the immune cells [7, 8].

Histotripsy is a novel non-invasive, non-ionizing, and non-thermal ablation technique that
mechanically destroys target tissue by controlled acoustic cavitation [9-11]. Using high pressure
(P->15MPa), microsecond-length ultrasound pulses at a low duty cycle (ultrasound on-time/total
treatment time<1%), endogenous nanometer-scale gas nuclei in the tissue are expanded to over
100 um followed by collapse within several hundred microseconds, generating high mechanical
stress and strain to disrupt the cells in the target tissue. Histotripsy has been shown to
completely ablate the target tissue into a liquid consistency acellular homogenate which is
resorbed by the body within 2 months leaving mm-length scar tissue [12-14]. Pre-clinical
histotripsy investigations have established the feasibility and efficacy of histotripsy for non-
invasive ablation in many pre-clinical applications including the ablation of human-scale porcine
livers [15-19], and ablation of liver [20-22], kidney [23] and prostate [24] tumors. The
mechanical strength of different tis-sue types impacts their resistance to histotripsy-induced
damage, which can be exploited by selecting optimal parameters for achieving tumor-selective
damage while simultaneously protecting the structural integrity of large blood vessels, nerves,
and bile ducts with-in the ablation zone [15, 17, 18, 25].

There has been some evidence suggesting the potent immunostimulatory and systemic
effects of histotripsy. In a murine melanoma model, histotripsy ablation of the primary
subcutaneous tumor inhibited the development of secondary pulmonary metastases derived from
tail vein injection [20]. In an orthotopic rat liver tumor model, histotripsy of the entire tumor

volume resulted in complete regression of the tumor in all subjects, and even in 5/6 cases of
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partial tumor ablation (50-75% tumor volume ablated), the entire tumor regressed completely
with no recurrence [22]. Recently, a first-in-human trial demonstrated the feasibility of planned
histotripsy ablation of liver tumors with no identified serious adverse events [26]. In all patients
(n=8), targeted tumors were locally controlled and in 2 of 8 patients, non-targeted tumors also
stabilized [26]. These results suggest that local histotripsy ablation of the entire primary tumor,
or even a part of the tumor may systemically influence untargeted tumors. There is insufficient
evidence regarding the effects of histotripsy on the risk of recurrence and metastases following
tumor debulking. Since histotripsy mechanically disrupts the tumor, it is possible that intact
tumor cells may inadvertently detach from the primary tumor and disseminate into lymphatic
and/or circulatory system. Our understanding of the immunological response to histotripsy is
also limited, especially in cases of partial histotripsy ablation where untargeted tumor volume
remains undamaged during treatment, but eventually regresses. This longitudinal study aims to
evaluate the effect of partial histotripsy tumor ablation on untargeted local tumor progression,
survival outcomes, risk of developing metastases and tumor immune infiltration in an orthotopic,

immunocompetent, metastatic rodent HCC model for the first time.

4.2 Materials and Methods

4.2.1 Experimental Design and Technical Design

Orthotopic McA-RH7777 liver tumors were generated in immunocompetent Sprague-
Dawley rodent hosts. Once the tumor measured a minimum of 5 mm in its largest dimension,
animals were randomized into treatment and control groups. For the survival study, n=11
treatment rats received partial histotripsy ablation (approximately 50-75% of the tumor volume
was targeted for ablation by histotripsy) and n=11 control rats received no treatment. Animals

were monitored weekly using MRI for up to 3 months or until the animals reached end-stage
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illness criteria, or the maximum tumor size (25 mm in largest dimension) allowed by ethical
standards was reached; therefore, data are not truly absolute for animal survival. At the endpoint
(prior to the onset of death), the animals were euthanized, and liver tissue was harvested for
histological evaluation. For the early timepoint study, animals were euthanized at day 2 (n=2
control, and n=3 treatment) or day 7 (n=3 control, and n=6 treatment) post histotripsy timepoint
and the harvested liver tissue was analyzed to evaluate for intra-hepatic metastasis and immune
infiltration at day 2 and day 7 timepoints following histotripsy ablation. An additional cohort of
n=3 animals received scant histotripsy ablation (<25% tumor volume targeted by histotripsy) and
were euthanized at day 7. The choice of partial ablation (50-75% tumor volume targeted) was
repeated from Chapter 3 to observe if similar outcomes can be achieved in a highly metastatic
tumor model and to determine if a minimal tumor volume percentage ablation (<25% tumor

volume targeted) can achieve meaningful treatment response.

4.2.2 Cell Preparation

McA-RH7777 (ATCC® CRL-1601™) cells were purchased from the ATCC cell line
repository. The cells were cultivated in Dulbecco's Modified Eagle’s Medium (DMEM)
containing 4 mM L-glutamine, 4500 mg/L glucose, and 1500 mg/L sodium bicarbonate,
supplemented with 10% FBS and 1 mL Gentamicin. The cells were maintained at 37 °C in a 5%

C02/95% humidified air atmosphere.

4.2.3 Animals and Study Approval

This study was approved by the Institutional Animal Care and Use Committee at the
University of Michigan and all procedures were performed in compliance with the ap-proved

protocol. Sprague Dawley rats weighing 125-175 g were purchased from Taconic (Hudson, New
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York) and housed and maintained in specific pathogen-free (SPF) conditions in University of

Michigan ULAM (Unit for Laboratory Animal Medicine) housing facility.

4.2.4 Orthotopic Tumor Implantation

Tumor implantation was performed via laparotomy. Animals were injected with 100
mg/kg cyclophosphamide intraperitoneally 24 hours prior to tumor inoculation. For the
inoculation procedure, animals were anesthetized in an induction chamber using isoflurane
inhalation (5%, admixed with 1 L/min of oxygen) until loss of withdrawal reflex. After
induction, the animals were moved to the surgical area in a supine position and anesthesia then
was maintained with 2% isoflurane in 100% oxygen with a flow of 1.5 L/min administered using
a nasal-cone connected to a coaxial breathing circuit and vaporizer (SurgiVet V704001, Smiths
Medical, Waukesha, Wisconsin, USA). To prevent an-esthesia-related corneal damage, eye
lubricant was used. Carprofen (Rimadyl, Pfizer, NY, USA) analgesic (5 mg/kg) was used for
analgesia prior to surgery and once every 24 hours for two days post-surgery. The surgical area
(chest and abdomen) was shaved and sterilized using chlorhexidine and iodine. Once the animal
was draped and prepped for surgery, a midline incision was made through the skin. Blunt
dissection was performed to separate the skin and abdominal muscle layer posteriorly and
anteriorly to the ends of the incision. To expose the liver, an incision was made in muscle layer
and retractor was inserted to keep the incision open. The inferior liver lobe was retracted using
forceps. 10 million McA-RH7777 cells were suspended in 100 pL total injection volume
constituting of basement membrane matrix (Matrigel, Corning Life Sciences, Corning, NY,
USA) and serum free DMEM (Thermofisher Scientific, Waltham, MA, USA) in a 1:1 ratio. The
cells were injected into the liver lobe. Pressure was applied on the injection site using sterile

cotton tip applicator and a sterile hemostatic compressed sponge was placed on the liver surface
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to prevent leakage. After 3 minutes, the sponge was removed, and the muscle layer was closed
using absorbable sutures. The skin incision was closed using wound staples. Animals were

recovered until ambulatory. The wound staples were removed prior to pre-treatment MRI.

4.2.5 Histotripsy Ablation

Our rodent histotripsy setup (Figure 4-1A) consisted of a custom-built 1 MHz therapy
transducer, co-aligned with a 20 MHz B-mode ultrasound imaging probe (L40-8/12, Ultrasonix,
Vancouver, Canada) mounted to a motorized 3-axis positioning system [22, 27]. The ring
configuration transducer (f number = 0.6, focal distance = 32.5 mm) contains 8 individually
focused lead zirconate titanate elements (20 mm diameter). The value of peak negative pressure
in the tissue is estimated based on pressure measurements from fiber optic hydrophone in free-
field [28]. In the free-field medium (degassed water), the pressure measurements from individual
transducer elements were summed to calculate the peak negative pressure (P—) of 37.8 MPa and
the peak positive pressure (P+) of 43.9 MPa. The peak positive pressure may be underestimated
without considering the non-linearity developed when all elements are fired. However, the
acoustic waveform at that high pressure with all elements fired simultaneously could not be
measured due to instantaneous cavitation generation. The spatial peak temporal peak intensity
(Isprp) was estimated to be ~130 kW/cm?, spatial peak pulse average intensity (Isppa) Was
estimated to be ~24 kW/cm? and spatial peak temporal average (Ispra) was estimated to be ~8
W/cm?. The transducer and imaging probe were immersed in a tank of degassed water
maintained at 35-37°C. For histotripsy treatment, animals were anesthetized by inhalation of
isoflurane gas (1.5-2.0%) in 1 L/min of oxygen (SurgiVet V704001, Smiths Medical, Waukesha,
Wisconsin, USA). The chest and abdominal regions were shaved with an electric clipper.

Carprofen (Rimadyl, Pfizer, NY, USA) analgesic (5 mg/kg) was used for analgesia prior to
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histotripsy and once every 24 hours for two days post-ablation. The animal was placed on a
custom-built platform over the tank such that the liver region was submerged in the de-gassed
water, which is the coupling medium (Figure 4-1A). Under ultrasound guidance, the therapy
transducer was positioned to co-localize the focal zone of the therapy transducer focus with the
tumor core. The entire tumor volume was visualized by scanning the imaging probe mounted on
the motorized positioning system to determine the limits of the in-tended target volume. In the
scant histotripsy ablation cohort, <25% tumor volume was targeted for ablation. In all other
animals receiving histotripsy, 50-75% tumor volume was targeted, similar to partial ablation
volume percentage selected in Chapter 3. The desired fraction of tumor volume was targeted for
histotripsy ablation by mechanically scanning the histotripsy focus to cover the targeted volume
by using the motorized positioning system with continuous motion. At each focal location within
the target volume, the therapy transducer delivered 1-2 cycle length histotripsy pulses (with a
single high amplitude negative pressure phase) at 100 Hz PRF and generated peak negative
pressure (P-) exceeding 30 MPa. P- >30 MPa exceeds the intrinsic threshold of the soft-tissue
target (typically P->26MPa) to generate inertial cavitation; this is the mechanism of intrinsic
threshold histotripsy [28]. During histotripsy, the generated cavitation appeared hyperechoic
compared to the surrounding liver parenchyma on ultrasound imaging (Figure 4-1B). Post
histotripsy-ablation, the targeted region appeared hypoechoic, indicative of tumor tissue
disruption (Figure 4-1B). After treatment, animals were recovered until ambulatory. Total
ablation time ranged from 3-5 minutes, at 100 Hz PRF equated to total 18,000-30,000 pulses
delivered to the intended target volume (ranging from 30 mm? to 100 mm?). Histotripsy

parameters were determined based on previous in vivo and in vitro work done in our lab [22].
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Figure 4-14) Histotripsy Setup. The rodent histotripsy treatment setup consisted of an 8 element 1MHz therapy
transducer delivering 1-2 cycle pulses at P-> 30 MPa and 100 Hz PRF. A coaxially aligned 20MHz imaging probe
was used for real time ultrasound-guidance. Both transducers were mounted to a motorized positioning system and
immersed in a tank of degassed water (coupling medium). The animal was placed in a prone position on a platform
to allow the intended target region to submerge. B) Generation of hyperechoic cavitation cloud in liver tumor. The
ablated tumor region appears hypoechoic compared to surrounding liver parenchyma.

4.2.6 Magnetic Resonance Imaging

To assess tumor development, MRI was obtained within 1-day prior to histotripsy (pre-
treatment timepoint) and within 1-day post-histotripsy (post-treatment timepoint). Weekly MRI
was also used for monitoring ablation response. A 7.0 T MR small animal scanner using a Direct
Drive console (Agilent Technologies, Santa Clara, CA, USA) was used with a 60 mm inner-
diameter transmit-receive radiofrequency (RF) volume coil (Morris Instruments, Ontario,
Canada). During imaging, rats were anesthetized using isoflurane inhalation (1.5-2.0% in 1
L/min of oxygen) and temperature was monitored using rectal probes. Respiratory gating was
used during image acquisition. A custom-built proportional-integral-derivative (PID) controller
(LabVIEW, National Instruments, Austin TX) was interfaced with a commercially available

small animal system (SA Instruments, Stony Brook, NY) to monitor respiration. Animal position
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in the scanner was confirmed with pilot scans. To visualize the tumor, a 2D T2-weighted fast
spin-echo (FSE) in the coronal plane was used with the following parameters: [TR/TEeff
=2500/10 ms, FOV=60mm x60 mm, slice thickness = 1 mm, matrix (zero-filled) =256 x 256
(512 x 512), resulting in a voxel size of 117 um x 117 um x 1000 um and total scan time ~5

minutes].

4.2.7 Histological Analysis

After euthanasia, treated tumor, as well as liver tissue samples were harvested and fixed
in 10% buffered formalin for histopathological analysis. Fixed tissue samples were submitted to
ULAM-IVAC (Unit for Laboratory Animal Medicine — In Vivo Animal Core, Ann Arbor, MI,
USA) for paraffin embedding. Paraffin block samples were submitted to McClinchey Histology
Labs, Inc. (Stockbridge, MI, USA) for sectioning in 4-micron thick slices and preparing
unstained slides, Masson’s trichrome stained slides, and hematoxylin and eosin (H&E) slides.
Slides were examined under high resolution microscope (KEYENCE BZ-X800, Keyence, Itasca,

IL, USA) which was used to capture images.

4.2.8 Histological Analysis

For multicolor immunofluorescence antigen retrieval, the tissue sections were
deparaftinized by passing 2X times in Xylene. The samples were then washed in Xylene Ethanol
followed by pure ethanol and were then gradually rehydrated by passing through 70%, 50%,
30% ethanol, and distilled water for 3 minutes each. Masked epitopes from the sections were
recovered by heat induced antigen retrieval buffer by using water bath at 90°C for 30 minutes.
Two methods of heat-induced antigen retrieval were performed. Citrate buffer pH 6 (Abcam,

Waltham, MA, USA) and/or Tris-EDTA pH 9 (Abcam) were used depending on the nature of
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the antibody. For CD11b, CD8 and NK1.1 staining, after antigen retrieval, sections were
transferred to PBS (Phosphate Buffered Saline, Thermofisher Scientific) for 30 minutes, and then
the sections were blocked in 5% BSA (Bovine Serum Albumin). After washing with PBS, the
samples were incubated with a rabbit IgG specific for CD8a for 1 hour at 37°C. For visualization
of CD8a, the sections were incubated in Alexa 555 labeled Goat anti Rabbit IgG for 1 hour at
37°C. For visualization of CD11b and NK1.1, the sections were incubated with 1:100 diluted
anti-CD11B antibody (clone M/170, Biolegend, San Diego, CA, USA) directly conjugated with
Alexa 488 and anti-NK1.1 antibody (Biolegend) directly conjugated with Alexa 647 over-night
at 4°C.

For E-cadherin, N-cadherin, and vimentin staining, the sections were first incubated in
1:100 dilution of Anti-vimentin mouse IgG, clone V9 (MilliporeSigma, Burlington, MA, USA)
at 37°C, and secondary antibody staining was performed using Alexa 488 goat anti-mouse IgG.
After each secondary antibody incubation, samples were washed for 30 minutes in PBS to
eliminate cross reactivity for next cycle of antibody staining. Sections were then incubated with
1:100 anti-N-cadherin antibody, clone 6A9.2 (MilliporeSigma) for 1 hour at 37°C. Secondary
antibody staining was performed using 1:100 Alexa 555 goat anti-mouse for visualization. After
PBS wash, the sections were incubated with anti-E cadherin antibody [4A2] (Abcam) for 1 hour
at 37°C. After washing with PBS, the sections were counterstained with Alexa 647 goat anti-
mouse IgG, for visualization. After the final step of washing, the sections were quenched by
using tissue autofluorescence quenching kit (Vector Biolabs, Malvern, PA, USA) and mounted
using mounting media containing 4',6-diamidino-2-phenylindole (DAPI, 1:10,000;

MilliporeSigma).

4.2.9 Statistical Analysis
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Statistical analysis was performed using SAS (version 9.4). The difference between
treatment and controls was assessed using one-way ANOVA. For survival data, Kaplan—-Meier
curves were generated. The survival time (defined as the time taken for animals to reach the
tumor endpoint criteria, i.e., tumor burden greater than 25 mm in any single dimension) was
compared between control and treated rats using the log-rank test. p < 0.05 was considered

significant.

4.3 Results

4.3.1 Tumor Response to Histotripsy and Survival OQutcomes

All animals tolerated the orthotopic liver tumor inoculation procedure without
complication. Seven to nine days after inoculation, MRI imaging indicated a minimum tumor
diameter of 5 mm in all animals. Histotripsy was performed successfully in all treatment cohort
animals with no complications, and the post-procedure monitoring revealed no clinical issues.

In the survival cohort, 81.8% (n=9/11) treatment animals experienced tumor burden
reduction following partial histotripsy ablation and had tumor free survival for the remainder of
the study (Table 4-1). In comparison, 100% (n=11/11) untreated control animals demonstrated
increased tumor burden and intrahepatic metastasis and had to be euthanized within 1-3 weeks
post treatment timepoint. Histotripsy-treated animals had statistically significant improved

survival outcomes compared to controls with a p-value < 0.0001 (Figure 4-2).

124



Table 4-1McA-RH7777 tumor measurements

Grou D Survival Week 0 Week 1 Week 2 Week 3 Week 4 Week 5 Week & Week 7 Week § Week 9 Week 10 Week 11 Week 12
P (Week) (mm?) (mm®) (mm®) (mm®) (mm?) (mm?) (mm?) (mm?) (mm?) (mm?) (mm?) (mm?) (mm?)
Hl 12 4037 17.55 Q Q Q Q Q Q Q Q Q Q 0
m 12 157.50 66.40 355 0 Q Q Q 0 0 0
H ) 4552 105 0 Q 0 0 0 0 Q 0 Q 0 Q
Hi 12 161.23 6020 6.00 Q Q Q Q Q Q Q Q Q 0
Hs 12 150.90 1020 8ls4 Q Q Q Q Q Q Q Q Q i)
Histotripsy _ B 12 12041 38.68 Q Q Q Q Q Q Q Q Q 1] 0
0 & 50.63 1113 71.11 G7.04 30257 2490 7967 -
HB & 4291 1275 75.08 2032 13198 1550 8457 -
He 12 57.61 5727 093 Q Q Q Q Q Q Q Q Q 0
HI0 7 5128 3416 2198 Q Q Q Q Q -
HI1 7 67.95 3768 0 Q 0 0 0 0
ClL 3 73.85 1094 1441 2747 - - - -
c? 1 23335 11525 - -
o5 ] 1 164.06 4391
Ci 1 18363 4729
=] 1 6725 1421
Centrel Cs 1 275.62 2535
c7 1 15671 5537 -
=] 2 55.16 454 2905
=] 2 64.52 377 4391
Clo z 28.88 5875 2107
C11 1 39.25 1198 -

Note: Tumor measurements are made on MRI images in 3 dimensions, which is used to estimate tumor burden. If no tumor is detected on MRI ‘0’
is recorded. Week 0 is the histotripsy timepoint (7-9 days post inoculation). n = 2/11 histotripsy animals still surviving at 7 weeks with no
observable tumor were euthanized due to COVID shutdown (ID HI10 and H11).

The survival time in the control group was 1.45 £+ 0.69 (mean + SEM) weeks. In the

treatment group, the survival time was 10 + 0.84 weeks. All survival times are reported post

histotripsy timepoint, which was two weeks post tumor inoculation. The survival time range was

1-3 weeks (control group) and 6-12 weeks (treatment group) after histotripsy timepoint. n=7/11

animals in partial ablation group A were alive at 12 weeks with no observable tumor and were

euthanized due to study endpoint per our protocol. In these animals, even with partial ablation of

the tumor, we observed complete regression of both ablated and untargeted tumor. n=2/11

animal in the treatment group were euthanized at 6 weeks due to tumor burden greater than 25

mm in any one dimension. 2/11 histotripsy animals with complete regression and no metastases

were euthanized early at 7 weeks due to research shutdown during COVID.
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Figure 4-2 Survival Outcomes. Kaplan Meier survival curve indicates significant difference in survival outcomes of
histotripsy-treated animals vs untreated controls for tumor progression (p < 0.0001). ‘+ Censored’ indicates that
observations are right censored as n=2/11 histotripsy animals still surviving at 7 weeks with no observable tumor
were euthanized due to COVID shutdown.

4.3.2 Radiology Observations

At the histotripsy timepoint (7-9 days post tumor inoculation), untreated tumor appeared
hyperintense on T2-weighted MRI compared to the adjacent normal liver tissue (Figure 4-3A).
The tumor volume was 86.25 = 15.12 mm3 (mean = SEM) in the histotripsy group and 123.20 +
25.87 mm3 (mean + SEM) in control group. The difference was not statistically significant (p =
0.232). Subsequent timepoints are measured from the histotripsy timepoint (week 0).

In all control animals, a multi-nodular primary tumor along with multiple secondary
metastatic nodules was observed by 1-3 weeks (Figure 4-3A), and the animals had to be
euthanized due to increased tumor burden.

In the treatment group, the ablated tumor region demonstrated a hyperintense appearance

(if the imaging was performed >6 hours after treatment) (Figure 4-3B) or demonstrated a
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hypointense appearance (if the imaging was performed within 4 hours of treatment) (Figure 4-
3C). The untargeted tumor region showed appearance similar to the control tumor. In 9/11
animals, both ablated and unablated tumors began to demonstrate regression at 1 week post
treatment and there was no detectable tumor on MRI by 3 weeks (Figure 4-3B). In these animals,
no recurrence or metastasis was observed until the study endpoint was reached. Of note, local
tumor progression and metastases was observed in 2/11 animals, leading to increased tumor
burden and the animals were euthanized at 6 weeks post treatment (Figure 4-3C). There was no
off-target ablation damage to skin or surrounding organs in any histotripsy animals.

A. Control tumor progression and metastases

/Post’(8 hours), " 7d “Week 3% \
o) 1 - !

.\‘\\\‘

Figure 4-3 Representative T2- weighted MR images for (A) untreated control, (B) histotripsy-treated tumor
showing complete regression, and (C) histotripsy-treated tumor with local tumor progression. (4) Untreated control
tumor appeared hyperintense compared to surrounding liver parenchyma at pre-treatment timepoint, developed
metastases at week 1 which grew aggressively by week 2. White arrows show the tumor location. (B) Post-ablation,
the ablated region appears hyperin-tense (yellow arrow) compared to untargeted tumor (blue arrow) likely due to
edema (image acquired 8 hours post treatment). By week 2, tumor appeared to regress (blue arrow) and was
undetectable week 3 onwards. (C) Post-ablation, the ablated region (yellow arrow) appears hy-pointense (image
acquired within 2 hours post treatment). At week 2, the tumor did not show signs of size regression (blue arrow).
Local tumor progression and metastases were observed by week 6 (white arrow).
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4.3.3 Histology Observations in Survival Groups

In control animals, multinodular local tumor progression was observed on H&E staining
(Figure 4-4A). In these cases, aggressive tumor growth occupied most of the liver lobe, both at
the site of the original tumor as well as Intrahepatic metastases (Figure 4-4A). In treated animals
demonstrating complete tumor regression, there was ~1mm residual scar tissue with scattered
dystrophic calcification at the site of the original tumor and no evidence of viable tumor cells on
H&E staining (Figure 4-4B). These histology observations correlate with the MRI observation of
no detectable tumor at the original treatment site, indicating complete regression of these tumors
with resultant formation of focal scar tissue. In treated animals demonstrating tumor progression,
collagenous tissue with regions of dystrophic calcification was observed in the ablation cavity
(Figure 4-4C). The local tumor progression of the residual, untargeted tumor had a similar

appearance to the control tumor.
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Figure 4-4 H& E-stained representative images for (4) untreated control, (B) histotripsy-treated tumor showing
complete regression, and (C) histotripsy-treated tumor with local tumor progression (L: Liver, A: Ablation Zone, T:
Tumor). For each row, the first panel shows a low-magnification view of the entire tissue section, with an identified
region of interest (ROI), the second and third panel show the ROI at higher magnifications. (4) Control tumor —
Week 1: Intra-hepatic tumor progression and metastases are observed in the untreated control. Tumor growth
occupied most of the liver lobe. (B) Histotripsy treated tumor — Week 12: In a treated tumor demonstrating
regression, ~Imm scar tissue with scattered dystrophic calcification in the ablation zone (white arrow) and
inflammatory cells (black arrow) within and surrounding the ablation zone are observed. (C) Histotripsy treated
tumor — Week 6. In a treated tumor demonstrating local tumor progression, multinodular tumor growth is observed.
Collagenous tissue with scattered dystrophic calcification is observed in the ablation zone (white arrow). A few
inflammatory cells are seen in the ablation zone (black arrow).

4.3.4 Histology Observations in Early Timepoint Groups

Trichrome staining of the control tumor on day 2 revealed nodular tumor extensions from

the primary nodule as well as areas of collagen deposition in the tumor core, indicative of

129



necrotic regions (Figure 4-5A). In comparison, at day 2 post-histotripsy, there is a thin rim of
immune cells surrounding the periphery of the ablated tumor and liver (Figure 4-5B). There are
intact tumor cells adjacent to the ablation zone indicative of the untargeted, residual tumor. The
core of the ablation zone shows blood products.

Control tumor at day 7 shows invasive appearance at tumor periphery and multiple
secondary tumor nodules (Figure 4-5C). In comparison, at day 7 post histotripsy, there is
evidence of homogenate resorption with fibrotic or scar tissue beginning to form (Figure 4-5D).
Inflammatory cells are scattered within the scar tissue and there is no evidence of intact tumor
cells. On day 7 after scant histotripsy, collagenous deposition is observed, but there is no
evidence of dystrophic calcification (Figure 4-5E). While there is evidence of blood products at
the core, inflammatory cells are mainly confined to the ablation zone periphery. The appearance
of the ablation zone is similar to the day 2 appearance post-histotripsy. These results suggest that
the process of homogenate resorption and formation of scar tissue may be protracted in the scant

histotripsy cohort as compared to the histotripsy cohort.
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Figure 4-5 Trichrome-stained representative images for (4) untreated control tumor (Day 2), (B) histotripsy-
treated tumor (Day 2), (C) untreated control tumor (Day 7), (D) histotripsy-treated tumor (Day 7), and (E) scant
histotripsy-treated (<25% tumor volume ablated) tumor (Day 7). All days are measured from the histotripsy-
treatment timepoint. (L: Liver, A: Ablation Zone, T: Tumor). (A) Control - Day 2: Nodular tumor extensions from
the primary nodule are observed (black arrows), areas of collagen deposition are observed in the tumor core (white
arrow). (B) Histotripsy - Day 2: The ablation zone can be distinguished from the untreated residual tumor region. A
metastatic nodule is observed (white arrow). The ablation zone consists of mostly acellular debris with scattered red
and white blood cells (black arrow). (C) Control - Day 7: Local tumor progression of the primary tumor and
multiple metastatic nodules is observed, colonizing most of the liver lobe. Tumor cells at the periphery demonstrate
invasive characteristics (white arrow), at the location where a thin rim of collagenous tissue separating the tumor
from normal liver is breached (black arrow). (D) Histotripsy - Day 7. Tumor is replaced by scar tissue with areas of
dystrophic calcification (black arrow), substantial infiltration of inflammatory cells, and few red blood cells. No
viable tumor cells are observed. (E) Scant Histotripsy - Day 7: Local tumor progression of the primary tumor and a
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metastatic nodule (black arrow) are observed with an area of scar tissue within the ablation zone. The ablation zone
contains red blood cells and collagen. Inflammatory cells are observed mainly at the periphery of the ablation zone,
but not at the core of the ablation zone.

4.3.5 Observations from Immunofluorescence Staining of Immune Cells

To determine the immune effects of histotripsy, infiltration of CD11b+ cells, CD8+ T
cells and NK cells was compared in histotripsy treated tumors vs control tumors. At the core and
the periphery of the control tumor, there is minimal immune infiltration on day 2 (Figure 4-6A).
On day 2, increased immune infiltration of CD11b+ and NK cells is observed at the ablation
zone periphery compared to control tumor periphery (Figure 4-6B). NK cells are also detected in
the ablation zone on day 2 (Figure 4-6B).

On day 7, there is some infiltration of CD8+ T cells at the core and periphery of the
control tumor as compared to day 2 (Figure 4-6C). CD8+ T-cell infiltration is also observed at
the boundaries of histotripsy ablation zone, while NK cell and CD8+ cells are detected in the
ablation zone core on day 7 (Figure 4-6D). In case of scant histotripsy ablation, reduced immune
infiltration of CD8+ and NK cells is observed at the boundary of untreated tumor and normal
liver in comparison to day 2 and day 7 post histotripsy (Figure 4-6E). Similarly, within the scant
histotripsy ablation zone, the immune infiltration is insubstantial (Figure 4-6E). Overall,
increased immune infiltration is observed in histotripsy tumors compared to controls on day 2
and day 7 post treatment timepoint. It is possible that there is a mini-mum tumor fraction
threshold that should be ablated to generate meaningful immune effects as evidenced by the
diminished immune infiltration observed in scant histotripsy (<25% volume ablation) vs

histotripsy treated tumors (50-75% volume ablation).
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Figure 4-6 Representative multiplex immunohistochemistry images at 20X magnification showing immune cell
infiltration in (A) untreated control (Day 2), (B) histotripsy-treated tumor (Day 2), (C) untreated control (Day 7),
(D) histotripsy-treated tumor (Day 7) and (E) scant histotripsy-treated (<25% tumor volume ablated) tumor (Day 7)
at the tumor periphery (top) and tumor core (bottom). All days are measured from the histotripsy-treatment
timepoint. (L: Liver, A: Ablation Zone, T: Tumor). The samples were stained for DAPI (blue), CD11b (green), CD8
(red) and NK (pink). (A) Control - Day 2: There is minimal immune infiltration at the core of the untreated control
tumor. (B) Histotripsy - Day 2: At the periphery, increased infiltration of CD11b+ and NK cells is observed, NK
cells are also observed at the core of the ablation zone. (C) Control - Day 7. There is some infiltration of CD8+
cells at the periphery, but no substantial infiltration is observed at the tumor core. (D) Histotripsy — Day 7: NK and
CD8+ cells infiltrated the tumor periphery and were also detected at the core of the ablation zone. (E) Scant
Histotripsy - Day 7: Some CD8+ and NK cells are observed at the un-targeted tumor-liver interface, but no
substantial infiltration is observed in the ablation zone.

4.3.6 Observations for Immunofluorescence Staining for Epithelial and Mesenchymal

markers

To explore the impact of histotripsy on the risk of metastases, immunohistochemical
expression of mesenchymal markers, i.e., loss of E-cadherin and gain of N-cadherin and
vimentin was compared in histotripsy treated tumors vs control tumors. The plasma membranes
of hepatocytes express N-cadherin (Figure 4-7). There is weak expression of vimentin in the
untreated control tumor (Figure 4-7A). At day 2 post ablation, vimentin is upregulated at the
ablation zone periphery (Figure 4-7B). At day 7, vimentin is also upregulated at the periphery of
the control tumor (Figure 4-7C). At day 7 post ablation, vimentin up-regulation appears to have

shifted inwards, towards the core of the ablation zone, while E-cadherin expression is
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upregulated at the periphery (Figure 4-7D). At day 7 post scant histotripsy, vimentin is weakly
expressed at the perimeter of the untreated tumor as compared to the control tumor at day 7
(Figure 4-7E). Vimentin expression is also up-regulated near the edge of the ablation zone at the
ablation zone-untreated tumor boundary on day 7 post scant histotripsy (Figure 4-7F).

The upregulation of mesenchymal marker vimentin could be associated with either tissue
healing or metastasis. Since there was evidence of scar tissue formation but no in-tact tumor cells
on histology at day 7 post histotripsy, the expression of vimentin at the periphery of the ablation
zone on day 2 and in the ablation zone on day 7 suggests that tis-sue healing is the likely process.
The similarity between the boundaries of the ablation zones on day 7 post scant histotripsy and
day 2 post histotripsy further supports the premise that the process of homogenate resorption and
tissue healing may be protracted in scant histotripsy. Vimentin upregulation at the control tumor
periphery and untreated tumor in scant histotripsy on day 7, may be linked to metastatic
invasion. The invasive appearance of control tumor on day 7 histology, as well as eventual
development of metastases in all control animals and n=2 histotripsy animals with local tumor

progression support this proposition.
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Figure 4-7 Representative multiplex immunohistochemistry images showing epithelial and mesenchymal markers

in (A) untreated control (Day 2), (B) histotripsy-treated tumor (Day 2), (C) untreated control (Day 7), (D)
histotripsy-treated tumor (Day 7), and (E-F) scant histotripsy treated (<25% tumor volume ablated) tumor (Day 7).

All days are measured from the histotripsy-treatment timepoint. The samples were stained for DAPI (blue), E-
cadherin (green), N-cadherin (red) and vimentin (pink). (L. Liver, A: Ablation Zone, T: Tumor). In all panels, N-
cadherin is expressed at the plasma membrane of hepatocytes. (4) Control - Day 2: Vimentin is weakly expressed
within the control tumor. (B) Histotripsy - Day 2: Vimentin expression is upregulated at the ablation zone periphery.

(C) Control - Day 7: Vimentin expression is upregulated at the control tumor periphery. (D) Histotripsy - Day 7:
Vimentin is up-regulated within the ablation zone, E-cadherin is ex-pressed at the ablation zone periphery. (E)
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Scant Histotripsy - Day 7: Vimentin is expressed at the untreated tumor-liver interface. (F) Scant Histotripsy - Day
7: Vimentin is expressed in the periphery of the ablation zone at the ablation zone-untreated tumor interface.

4.4 Discussion

Previous histotripsy investigations have demonstrated the feasibility and efficacy of
histotripsy for non-invasive ablation in the liver [15, 16, 19, 22, 27]. In this study, we evaluated
the development of metastatic HCC after partial histotripsy tumor ablation in an immune-
competent, McA-RH7777 rodent liver tumor model. The McA-RH7777 rodent tumor model is a
well-established rat orthotopic HCC model used for image-guided interventional oncology
research [29, 30]. Even with partial ablation of the tumor volume, >80% histotripsy-treated
animals demonstrated local tumor regression, with no local recurrence or metastasis and had
significantly improved survival as compared to 100% control animals demonstrating local tumor
progression and intra-hepatic metastases. The formation of scar tissue was observed in
histotripsy-treated animals with no viable tumor cells observable as early as day 7 post
histotripsy, indicating the resorption of the ablation zone had begins early post-treatment. These
results suggest that histotripsy does not increase the risk of developing metastases post ablation.
Increased immune infiltration was also observed in treated tumors at day 2 and day 7 post-
histotripsy as compared to control tumors, which may have triggered an anti-tumor immune
response contributing to the complete regression of partially ablated tumors, while preventing
metastases in the immunocompetent rodent hosts.

Metastasis is a complex process consisting primarily of five essential steps- 1) invasion,
where tumor cells detach from ECM and infiltrate adjacent tissue, 2) intravasation, where tumor
cells enter the circulatory system 3) survival in the circulatory system, 4) extravasation; where
tumor cells exit the circulatory system and infiltrate a distant site and 5) colonization; where

tumor cells grow and proliferate at the new site [31]. The seed and soil theory of metastasis was

136



first proposed by Stephen Paget in 1889, which suggests that the metastatic growth of cancer
cells (the ‘seed’) 1s dependent on the competence of the distant organ (the ‘soil’) [32]. HCC is a
highly invasive cancer favoring proximal intrahepatic metastasis, likely due to the dense hepatic
vasculature and immunosuppressive polarization of the liver [33]. In this study, we focused
investigation on the first step of the metastatic cascade, invasion which is induced by
epithelial-to-mesenchymal transition (EMT) of tumor cells where they lose epithelial
characteristics and concomitantly acquire mesenchymal characteristics. EMT is a biologic
process that allows epithelial cells to transform into a mesenchymal cell phenotype, allowing
them to migrate and infiltrate and can be classified into three biological subtypes. Of these, ‘type
2’ is associated with wound healing and organ fibrosis, and ‘type 3’ is associated with tumor
progression and metastases [34]. EMT is characterized by the downregulation of epithelial
markers such as E-cadherin and the up-regulation of mesenchymal markers such as N-cadherin
and vimentin. In type 3 EMT, carcinoma cells at the invasive front of primary tumors can acquire
mesenchymal phenotype [35]. In our study, vimentin upregulation observed in at the periphery
of control tumor on day 7, but not on day 2 is likely indicative of a type 3 EMT process. This
premise is supported by the more invasive appearance of tumor observed on day 7 trichrome
staining as well as the eventual invasive metastatic progression observed in all control tumors at
later timepoints. In contrast, type 2 EMT is initiated as a reparative-associated process in
response to tissue injury or inflammation and ceases once the inflammatory offense is
withdrawn, such as with wound healing and fibrosis [36]. However, within the liver, the
contribution of type 2 EMT to fibrosis is still controversial [37-39]. In general, vimentin is

upregulated in the wound healing process; cytoskeletal vimentin is released extracellularly after
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tissue injury and binds to mesenchymal leader cells located at the wound edge to facilitate
healing [40].

In our study, vimentin was observed at the histotripsy-treated tumor boundary on day 2
and within tumor on day 7. This evidence suggests that the expression of vimentin is likely
linked to the formation of fibrous tissue as part of the wound healing process in response to
histotripsy ablation. Upregulation of E-cadherin observed at the tumor boundary on day 7 is
likely indicative of re-epithelialization of the ‘wound’ caused by histotripsy ablation; re-
epithelialization is a necessary and essential requirement for successful wound closure [41].
Since EMT may be involved in both tissue healing and metastasis processes, further
investigation of the metastatic cascade is necessary. Intravasation of tumor cells generate
circulating tumor cells (CTCs), however, it has been estimated that only <0.01% of CTCs will
develop distant metastatic lesions after surviving stress, immune attack and anoikis in a hostile
circulatory system environment [42]. Additional studies are on-going to assess the circulating
tumor cells (CTCs) which will provide an insight into whether the mechanical disruption caused
by histotripsy increases CTCs as compared to untreated controls.

The immune microenvironment also affects the metastatic potential of the disseminating
cells. Cancer therapies such as radiation, chemotherapy and thermal ablation destroy tumor and
surrounding tissues via necrosis, which can trigger an inflammatory immune response. However,
this response can be either pro-tumor or anti-tumor depending on the tumor microenvironment
and the expression of immune mediators and modulators [43-46]. Our previous study
demonstrated that subcutaneous histotripsy ablation of melanoma tumors in murine hosts
releases tumor antigens with preserved immunogenicity initiating both local (upregulation of

intratumoral NK cells, dendritic cells, neutrophils, B cells, CD4+ T cells and CD8+ T cells), and
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systemic immune response as evidenced by abscopal immune effects [20]. In the current study,
we observed increased immune infiltration of CD11b+ and NK cells in histotripsy-treated
orthotopic liver tumor boundary compared to control tumor at day 2 timepoint. At day 7
timepoint CD8+ T cells were also seen infiltrating the tumor region from the periphery. CD11b+
myeloid cells as well as NK cells contribute to anti-tumor innate immunity, while CD8+ cells
contribute to adaptive immune-mediated responses [47-49]. Studies have shown that enhanced
T-cell response generated by immunotherapy can prevent metastasis in early-stage cancer
patients [50]. In a human colorectal cancer study, absence of metastasis correlated with in-
creased expression of T cell proliferation and antigen presentation functions [51]. There is
increasing evidence that ablative therapies can either positively or negatively impact tumor
progression and metastasis by regulating both adaptive and innate immunity [52-55]. A murine
study reported that RFA of the liver induced a strong, time-dependent immune response
(presence of neutrophils, activated myofibroblasts, and macrophages) at the necrotic zone
boundary [56]. In a study involving colorectal cancer patients, incomplete RFA (presence of
remnant tumor after therapy) was shown to promote tumor progression and was associated with
earlier development of metastases [57]. Another study reported in-creased metastatic potential of
residual carcinoma after transarterial embolization using the McA-RH7777 model [30]. The first-
in-human histotripsy study reported intrahepatic abscopal effects (reduction in non-targeted
tumor lesions) following histotripsy ablation of a single liver tumor lesion in a colorectal cancer
patient with progressive, multiple meta-static disease [26]. Our previous study using the N1-S1
liver orthotopic tumor model had demonstrated that complete histotripsy ablation cohort had a
100% regression rate, however in the partial ablation cohort (50-75% tumor ablation), only 80%

animals demonstrated regression [22]. Similar results were observed in the current study; when
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at least 50% tumor volume was ablated, >80% of the tumors completely regressed and no
clinical recurrence/metastases was detected, indicating an anti-tumor immune response.
However, in the scant histotripsy cohort (<25% tumor ablation), tumor progression was observed
suggesting that the anti-tumor immune response was too weak as evidenced by the diminished
immune infiltration. There is likely a minimal tumor volume percentage threshold that needs to
be ablated to generate sufficient histotripsy response to cause the entire tumor (both ablated and
unablated regions) to regress.

One of the primary limitations of our study is that only small subset of immune cells was
analyzed. Future studies will focus extensively on quantitation of additional intra-tumoral and
peripheral immune cell subsets using flow cytometry assays. Tumor progression and metastasis
are influenced by several molecular mechanisms and factors. The orthotopic implantation of
McA-RH7777 cells using cyclophosphamide for temporary immune suppression to promote
tumor uptake [58] does not fully represent spontaneously developing tumors in the human liver.
This study also did not utilize any immunomodulating drugs in combination with histotripsy.
Although histotripsy alone resulted in complete regression of the tumor in >80% animals, it
would be worthwhile to explore the response of histotripsy in combination with
immunotherapies since ablation-induced immune responses have been historically reported as
inadequate in eliminating established tumors. The exact mechanism of cell death of the
untargeted residual tumor following partial ablation is also unknown and is likely a combination
of immunogenic cell death mechanisms; further investigations are currently ongoing. Another
limitation is that tumors in this study were treated at an early stage before metastases were

radiologically visible. Future studies will utilize immunomodulatory adjuvants with histotripsy
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ablation to treat tumors in different stages of disease progression, including after the

development of intrahepatic metastases and monitor their response.
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Chapter S Histotripsy Ablation Stimulates Abscopal Immune Responses to Enhance
Cancer Immunotherapy

A majority component of this chapter has been published in Journal for Immunotherapy of

Cancer © 2020 BMJ Publishing Group Ltd & Society for Immunotherapy of Cancer.

Reprinted, with permission, from S. Qu, T. Worlikar, A.E. Felsted et al., "Non-thermal histotripsy tumor ablation
promotes abscopal immune responses that enhance cancer immunotherapy," (in eng), J Immunother Cancer, vol. §,
no. 1, Jan 2020, doi: 10.1136/jitc-2019-000200.

5.1 Introduction

Histotripsy is a novel non-invasive, non-ionizing, non-thermal ablation method that
destroys target tissue through precise control of acoustic cavitation [1-3]. Microsecond-length,
high-amplitude ultrasound pulses (<2 cycles) generate cavitation from endogenous gas pockets
in the target tissue[1, 2, 4]. The rapid expansion and collapse of the cavitation microbubbles
(within a few hundred microseconds) produces high strains and disrupts cells in the target region
into a liquid acellular homogenate [2, 5]. The low duty cycle of the ultrasound pulses (on-time/
(on- + off- time) < 0.1%) prevents undesirable thermal effects to safely achieve homogeneous
cell disruption even in vascular organs [6]. Our previous study has demonstrated that histotripsy
can destroy the target tumor tissue to form acellular debris, which is resorbed over time, resulting
in effective reduction of local tumor progression and improvement in survival outcomes [7]. It is
hypothesized that histotripsy-mediated mechanical disruption of tumor cells may release tumor
antigens which can be recognized by the immune system to stimulate anti-tumor response.

Cancer immunotherapy encompasses treatments such as targeted antibodies, cancer
vaccines, adoptive cell transfer, tumor-infecting viruses, checkpoint inhibitors, and cytokines to

stimulate the patient’s immune system to recognize and eliminate tumor cells [8]. Specifically,
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immune checkpoint inhibitors (ICIs) are antibodies that target inhibitory receptors (e.g., CTLA-
4, PD-1, LAG-3, TIM-3) and ligands (PD-L1) expressed on T lymphocytes, antigen presenting
cells and tumor cells [9, 10]. Since tumors express varying levels of immunogenicity, ICI
treatment is more likely to be effective when there either is pre-existing anti-tumor immunity or
T cell infiltration in the tumor microenvironment [10]. Various studies have evaluated the role of
radiation and thermal ablation therapies in promoting immunogenic effects in “cold” tumors
(such as enhanced release of tumor antigens, and T cell infiltration), and their combination with
ICI to amplify the anti-tumor response [11, 12]. It is theorized that ablation and radiation may
promote pro-inflammatory events within the tumor microenvironment and expose previously
concealed tumor antigens to immune recognition, potentiating the effect of ICI, even sensitizing
previously resistant tumors to immunotherapy [13-18]. However, these modalities have not yet
independently demonstrated sufficient tumoral release of inflammatory or immunogenic
subcellular components to promote strong tumor-directed adaptive immune responses [19, 20].
Since histotripsy can mechanically ablate cells without denaturing them, we hypothesize that
histotripsy may be capable of promoting stronger inflammatory and immunostimulatory effects
not possible with other thermal ablation modalities and could be a robust adjuvant to cancer
immunotherapy. In this study, we use a murine model of subcutaneous tumor ablation to
demonstrate that histotripsy is uniquely capable of promoting local, regional, and systemic anti-
tumor adaptive immune responses that can significantly augment the efficacy of ICI-based

immunotherapy.

5.2 Materials and Methods

5.2.1 Experimental Design
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The murine experiments were prospectively reviewed and approved by the University of
Michigan and VA Ann Arbor Healthcare Animal Care and Use Committees. C57BL/6 mice
(Mus musculus) aged 6—8 weeks old were purchased from Taconic (Hudson, New York) and
housed and maintained in specific pathogen-free conditions. Each experiment involved the use of
4-23 mice per experimental group, and experimental group sizes are noted in the figure legends.

Mice were inoculated by subcutaneous flank injection with 10° B16GP33 or 4x10°
Hepal-6 cells suspended in phosphate buffered saline (PBS) to generate tumors. Pulmonary
tumors were established by inoculating mice by tail vein injection with 2x105 B16GP33 cells
suspended in PBS. Pulmonary metastases were quantified after euthanasia by counting the
number of pigmented tumors identified along the surfaces of all lobes. Interobserver variability
was mitigated by averaging the counts of three independent observers. Ten days after tumor
inoculation, mice in treatment cohort were treated with histotripsy, where ~80% tumor volume
was targeted for ablation. The choice of targeted tumor volume was based on previous study in
Chapter 3 where up to ~75% target tumor partial ablation was able to induce regression. If the
entire tumor volume is targeted for ablation, then the extent of residual viable tumor may not be
sizeable enough to evaluate the impact of immune response vs the impact of tumor debulking
effects on tumor response to histotripsy. In this study, we wanted to be able to specifically study
the levels of immune infiltration in the untargeted viable tumor volume. In checkpoint inhibition
cohorts, checkpoint inhibition immunotherapy (administration of 200 pg CTLA-4 mAb) was
performed on days 3, 6 and 9 after BI6GP33 tumor inoculation or days 3, 6, 9 and 12 after
Hepal-6 tumor inoculation, based on previous literature on CTLA-4 blockade monotherapy in
various murine tumor models [21]. On days 3 and 10 after histotripsy ablation, mice were

euthanized, and tumors were harvested for flow cytometric analysis. Additionally, end stage
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illness and humane endpoints guidelines were determined as follows: animals exhibiting signs of
dehydration, emaciation or cachexia, impaired mobility, systemic infection, or abdominal or

thoracic bleeding during or immediately after histotripsy treatment were to be euthanized.

5.2.2 Cell Preparation

B16F10 (CRL-6475™) and Hepal-6 (CRL-1830™) cell lines were obtained from
ATCC. B16GP33 cell line was established by transfecting B16F10, a poorly immunogenic
melanoma cell line arising in C57BL/6 mice, with a plasmid encoding GP33, a class I major
histocompatibility (MHC)-restricted lymphocytic choriomeningitis virus (LCMV) glycoprotein
as previously published[22-27]. B16GP33 cell line was maintained by culturing with 200 ug/mL
G418 in RPMI-1640 medium (Gibco, Life Technologies Corporation, Grand Island, NY) with
10% fetal bovine serum (HyClone, GE Healthcare Life Sciences), 2 mM L-glutamine (Gibco,
Life Technologies Corporation, Grand Island, NY'), 100 U/ml penicillin (Gibco, Life
Technologies Corporation, Grand Island, NY) and 100 ug/ml streptomycin (Gibco, Life
Technologies Corporation, Grand Island, NY). Hepa 1-6 cell lines were maintained by culturing
in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, Life Technologies) with 10% fetal

bovine serum (HyClone, GE Healthcare Life Sciences).

5.2.3 Animal Preparation

Prior to and during histotripsy, the mice were induced and maintained on general
anesthesia by inhalation of isoflurane gas (1.5-2.0%) in 1 L/min of oxygen (SurgiVet V704001,
Smiths Medical, Waukesha, Wisconsin, USA). The hair covering the subcutaneous tumor region
was removed with an electric clipper. Depilatory cream was not used to avoid any unintentional

immune effects. Core body temperature was recorded using a rectal probe and was maintained
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between 35-37 °C with an overhead heating lamp. The mice were injected with Bupivacaine
analgesic (2 mg/kg) subcutaneously before delivery of histotripsy treatment and then as needed
every 4-12 hours after histotripsy therapy. Immediately after histotripsy, the mice were
transferred to a recovery chamber fitted with an overhead heating lamp and were placed on a
heated pad. Once the mice recovered from anesthesia and were mobile, they were transferred

back to their housing cages.

5.2.4 Experimental Setup

Our lab has designed and built a custom 8 element 1 MHz focused ultrasound therapy
transducer specifically for rodent histotripsy therapy [6, 7]. The histotripsy transducer was driven
by a custom-built high-voltage pulser controlled by a field-programmable gate array (FPGA)
development board (DEO-Nano Terasic Technology, HsinChu, Taiwan), enabling the therapy
transducer to generate, and output 1-2 cycle histotripsy pulses. A 20 MHz B-mode ultrasound
imaging probe (L40-8/12, Ultrasonix, Vancouver, Canada) was co-aligned with the center of the
therapy transducer to allow visualization of the focal ablation volume in real time. The
ultrasound therapy transducer and the imaging probe were mounted to a motorized 3-axis
positioning system to mechanically scan the therapy focus across a 3D target ablation volume.
Water was used as the ultrasound coupling medium by immersing the transducer and imaging
probe in a tank of degassed water maintained at 35-37°C by means of a coil heater. The mouse

was placed on a custom-built animal platform just over the water tank.

5.2.5 Histotripsy Ablation

After sedation, the animal was placed decubitus with the tumor submerged in the

degassed water. To identify the histotripsy focus on ultrasound imaging, test histotripsy pulses
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were delivered to the water tank by the therapy transducer to generate a “bubble cloud” which
appeared as a hyperechoic cavitation zone on ultrasound imaging. The position of the
hyperechoic cavitation zone was then marked as the therapy focal position on the ultrasound
image. Using a custom MATLAB script, the ultrasound therapy transducer and the imaging
probe were scanned using the motorized positioning system, such that a treatment ellipsoid
consisting of a grid of uniformly spaced therapy focal zones (~0.4 — 0.7 mm between adjacent
focal volumes) would encompass the user-defined target 3D tumor volume. This target volume
covered approximately 80% of the original tumor volume. During ablation, histotripsy-induced
cavitation was hyperechoic in appearance compared to the surrounding tissue on ultrasound
imaging, which was used to monitor the ablation in real-time. At each focal location, 50
histotripsy pulses at 100 Hz PRF (P- >30 MPa) or 0.5 seconds of ablation were delivered. After
ablation, the targeted region appeared hypoechoic on ultrasound imaging, enabling real-time
feedback to ensure adequate ablation volumes were achieved. Selection of histotripsy parameters

was based on results of previous in vivo and in vitro work [7].

5.2.6 Checkpoint inhibition immunotherapy

Checkpoint inhibition immunotherapy was performed by treating tumor-bearing mice
with intraperitoneal injections of 200 pg anti-CTLA-4 mAb (R&D Systems, Minneapolis, MN)
on days 3, 6 and 9 after BI6GP33 tumor inoculation or days 3, 6, 9 and 12 after Hepal-6 tumor

inoculation.

5.2.7 Sham therapy and in vitro CD8+ T cell stimulation to determine neoantigen

Sham therapy consisted of isoflurane anesthesia alone. Sham-ablated tumors were

explanted and placed in 1.5 mL tubes and subjected to five cycles of rapid freezing in liquid
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nitrogen for 2 min, followed by rapid thawing in a 60°C water bath for 2 min. The sham freeze—
thaw process represents a commonly used homogenization procedure for achieving subcellular
fractionation. Sham-ablated and in vivo histotripsy-ablated tumors were liquefied consistently
and exposed to 10° CD8+ T cells harvested from the spleen of C57BL/6 mice 8 days after
LCMYV infection (at which time only 5%—10% of circulating CD8+ T cells are specific for the
LCMYV GP33) in the presence of 10 U interleukin (IL)-2 and brefeldin A at 37°C for 5 hours.
CD8+ T cells were also exposed to media alone as negative controls and to 0.01 ug/mL GP33

peptide alone as positive controls.

5.2.8 Flow cytometry

Tumors, tumor draining lymph nodes (TDLN), non-tumor draining lymph nodes
(NTDLN), and spleens were harvested and processed into single-cell suspensions on sterile fine
mesh screens. Tumor infiltrating lymphocytes (TIL) were isolated from dissociated tumors using
Histopaque (Sigma Aldrich, St, Louis, MO) centrifugation. Lymphocytes from each sample were
stained with APC-labeled MHC class I (Dd) tetramers loaded with MHC class I-restricted GP33
peptide (NIH Tetramer Facility Core, Atlanta, GA), Pacific Blue-labeled anti-CD8 mAb,
BV510-labeled anti-CD4 mAb, PerCP/Cy5.5-labeled anti-CD19 mAb, PE/Cy7-labeled anti-
CDI11c mAb, AF488-labeled anti-Ly6G mAb, BV650-labeled anti-NK 1.1 mAb, and PE-labeled
anti-CD25 mAb. All extracellular antibodies were purchased from BioLegend (San Diego, CA),
except for anti-CD8 (BD Biosciences, San Diego, CA) and anti-Ly6G (eBioscience, San Diego,
CA). Fluorescence data were acquired on a BD LSRFortessa Flow Cytometer (BD Biosciences,

San Jose, CA) and analyzed using FlowJo software (Tree Star Inc., Ashland, OR).

5.2.9 Immunohistochemistry
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Tumors were washed with PBS and preserved in 10% formalin for 2448 hours and in
70% ethanol until paraffin embedding. Sections of 4.5 um thickness were deparaffinized in
xylene for 6 min, then washed in 50% xylene in ethanol and 100% ethanol, and rehydrated by
sequential transfer to 95%, 70%, and 50% ethanol, and ultimately to distilled water for 3 min
each before staining. Samples were washed in PBS, blocked in 1% bovine serum albumin for
30 min, and incubated with rabbit polyclonal anti-CD8a antibody to CD8a antibody (synaptic
system) at 4°C overnight. Samples were then washed and blocked in goat serum, incubated with
biotin-conjugated goat antirabbit IgG for 45 min, washed for 30 min in PBS, then incubated with
horseradish peroxidase (HRP)-conjugated avidin. Samples were developed using the CN/DAB
Substrate Kit (Thermo Fisher, Waltham, Massachusetts) for 5 min as per vendor instructions,
then counterstained with hematoxylin for 10 s, and washed and mounted. Samples were
visualized using a 10x or 20x objective on a Nikon Eclipse E400 microscope, and images were
captured using a DXM1200F camera using the software provided by the vendor (Nikon,
Melville, New York). At least 10 images from each tumor sample were obtained for each
magnification. Cells were counted using ImageJ software after appropriate background

subtraction.

5.2.10 Immunofluorescence

Formalin-fixed paraffin-embedded tumor sections were deparaffinized and rehydrated as
above. Heat-mediated antigen retrieval was performed in Tris buffer containing 1% Triton X (for
CDS8 staining) or citrate buffer (for calreticulin (CRT) staining) in a boiling water bath for
20 min. Sections were blocked in 5% bovine serum albumin (BSA) in PBS for 30 min, then
primary antibody staining was performed with a primary rabbit IgG antibody against CDS, or

rabbit IgG against CRT directly conjugated to Alexa 647 and rabbit IgG against Erp72 directly
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conjugated to Alexa 555 (Abcam, Cambridge, England) overnight at 4°C overnight. Secondary
antibody staining (for CD8 staining) was performed with Alexa 488-labelled goat antirabbit IgG
for 1 hour. Sections were washed and mounted using Prolong Gold Antifade Mountant with 4°6-
diamidino-2-phenylindone (DAPI) (Thermo Fisher), and a minimum of five overlapping optical
fields from two independent samples were captured. Images were acquired using a Keyence BZ-
800 microscope (Keyence, Osaka, Japan) under 10x objective with a 1x digital zoom, or under
40x objective with a 1x digital zoom. Images were imported to ImagelJ and the threshold was

adjusted using the color threshold tool.

5.2.11 HMGBI assays

Serum levels of HMGB1 were measured by enzyme-linked immunosorbent assay
(ELISA) (Tecan, Méannedorf, Switzerland), according to manufacturer’s instructions.
Intratumoral levels of HMGB1 were measured by immunofluorescence using tumor samples
snap frozen in liquid nitrogen. Tumors were prepared on round cover glass and fixed in 4% PFA
at room temperature for 15 min after PBS washing. Slides were permeabilized in 0.3% Triton X-
100 for 10 minutes followed by blocking solution (5% BSA in PBS) for 30 min at room
temperature. Samples were stained in antibody reaction buffer (1% BSA and 0.3% Triton X-100
in PBS, pH 7.4) with a primary antibody for HMGBI1 overnight at 40C followed by secondary
antibodies for 1 hour at room temperature. F-actin was stained with rhodamine phalloidin
(Invitrogen). Hoechst 33342 (Life Technologies) was used for nuclear staining. All slides were
scanned under the same conditions for magnification, exposure time, lamp intensity, and camera
gain. Confocal images were acquired using an Olympus Fluoview 1000 microscope (Olympus,

Tokyo, Japan). All images were quantitated as previously described with HMGBI staining
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intensity normalized to nuclei using MetaMorph software (Molecular Devices, Downingtown,

PA) [28].
5.2.12 Statistical Analysis

Experimental data were analyzed using SPSS V.23 statistical software. Two groups of
independent samples were compared using the two-tailed Student’s t-test. Analysis of variance
was applied to assess the statistical significance in tumor growth kinetics. Differences in survival

between groups were assessed using the log-rank test. Significance was defined as p<0.05, and

error bars represent SEM.
5.3 Results

5.3.1 Local Tumor Response to Histotripsy

Histotripsy ablation significantly inhibited tumor growth without producing significant

alterations in body weight (Figure 5-1 A, B).
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Figure 5-1 Response to Histotripsy. (A) Histotripsy ablation resulted in suppression of local tumor growth. (B) No
significant differences in body weight were observed following histotripsy ablation.

5.3.2 Histotripsy promotes local intratumoral innate and adaptive immune responses
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We examined the effect of histotripsy on intratumoral lymphocyte infiltration. As shown

in Figure 5-2 A-D, a significant upregulation of intratumoral natural killer (NK) cells, dendritic

cells (DCs), neutrophils, B cells, CD4+ T cells and CD8+ T cells was observed following

histotripsy ablation. In addition, histotripsy was also associated with significant intratumoral

infiltration of melanoma antigen-specific CD8+ T cells (Figure 5-2E).
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Figure 5-2 Histotripsy promotes intratumoral CD8+ T cell infiltration. (A, B) Fluorescence-activated cell sorting
(FACS) analysis of tumor-infiltrating lymphocytes (TIL) on day 3 (D3) and day 10 (D10) after treatment (gated on
viable lymphocytes) demonstrated higher percentages of intratumoral CD8+ T cell infiltration after histotripsy by
day 10. (C) Stimulation of CD8+ TIL remained significant on day 10 when cell numbers were normalized to tumor
volume. (D) FACS analysis of TIL on day 10 after treatment also identified marked increases in intratumoral
populations of NK1.1+ natural killer cells, CD11c+ dendritic cells, Ly6G+ neutrophils, F4/80+ macrophages, and
CD19+ B cells after histotripsy. (E) Staining with major histocompatibility complex (MHC) tetramers loaded with
the minor melanoma antigen GP33 and the major melanoma antigen GP100 identified significant increases in
intratumoral populations of melanoma antigen-specific CD8+T cells. (n=4-8 per group; *p<0.05 vs control by t-
test).

5.3.3 Non-thermal histotripsy is capable of releasing immunogenic tumor neoantigens
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To explore the ability of histotripsy to release intact tumor antigens capable of
stimulating CD8+ T cell responses, subcutaneous B16F10 and B16GP33 melanoma tumors were
explanted immediately after sham or histotripsy ablation performed 10 days after inoculation.
Figure 5-3 demonstrates that the activation of CD8+ T cells (as indicated by intracellular
interferon gamma (IFNy) expression) was only observed after exposure to B16GP33 melanoma
tumors treated with histotripsy. The magnitude of this CD8+ T cell stimulation approached the
level of stimulation seen with direct exposure to GP33 peptide (positive control), indicating that
non-thermal disruption of tumors by histotripsy was capable of releasing preserved tumor
antigens capable of stimulating CD8+ T cell responses. The absence of CD8+ T cell stimulation
by B16F10 tumors (which do not express GP33) treated with histotripsy confirmed the antigen-

specific nature of this response.
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Figure 5-3 Non-thermal histotripsy is capable of releasing immunogenic tumor neoantigens. C57BL/6 mice were
inoculated with BI6F10 or BI6GP33 subcutaneous tumors, then treated with sham or histotripsy ablation (HT) on
day 10. Tumors were excised and sham-treated tumors were liquefied using three freeze—thaw (F/T) cycles
consisting of 2 min in liquid nitrogen and 2 min in a 60°C water bath. Liquefied tumors were exposed to CD8+ T
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cells isolated from the spleens of C57BL/6 mice 8 days after LCMV infection (at which time small populations of
GP33-specific effector CD8+ T cells exist) in the presence of interleukin-2 and brefeldin A. Negative controls
consisted of CD8+ T cells alone (no peptide) and positive controls consisted of CD8+ T cells exposed to 0.01 ug/mL
GP33 peptide (GP33 peptide). After 5-hour incubation, individual (4) and group (B) fluorescence-activated cell
sorting (FACS) analyses of intracellular IFNy expression (gated on viable lymphocytes) demonstrated that exposure
to histotripsy-treated B16GP33 tumors was the only experimental condition capable of stimulating GP33-specific
CD8+ T cells in vitro. The magnitude of this stimulation was approximately half of that seen with direct exposure to
GP33 peptide (n=4 per group, *p<0.05 vs negative control by t-test; fp<0.05 vs all other experimental groups by
analysis of variance). IFNy, interferon gamma; LCMV, lymphocytic choriomeningitis virus.

5.3.4 Regional and systemic tumor-specific CD8+ T cell responses

We examined the effect of histotripsy ablation on other lymphoid compartments beyond
the treated tumor. Ten days after sham or histotripsy ablation of B16GP33 melanoma tumors,
ipsilateral inguinal lymph nodes were harvested as TDLN, and contralateral axillary lymph
nodes were harvested as NTDLN. Flow cytometric analysis (FACS) identified slightly higher
numbers of CD8+ T cells specific for the weakly immunogenic tumor antigen GP33 within
TDLN but not NTDLN after histotripsy, but this did not reach statistical significance (Figure 5-
4A, B). However, analysis of splenocytes did identify significantly higher numbers of circulating
GP33-specific CD8+ T cells after histotripsy as compared with controls, radiation, and
radiofrequency ablation (Figure 5-4C, D). Analysis of CD4+/CD25+/FoxP3+ cells demonstrated
a favorable skewing of tumor-specific CD8+ T cell: regulatory T cell ratios after histotripsy

(Figure 5-4E).
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Figure 5-4 Histotripsy promotes regional and systemic tumor-specific CD8+ T cell responses. C57BL/6 mice were
inoculated with BI6GP33 subcutaneous tumors expressing very low levels of GP33 peptide, then treated with no
therapy (control) or histotripsy ablation on day 10, tumors were harvested 10 days later. (A, B) FACS analyses
demonstrated a trend toward larger percentages of CD8+ T cells with TCR specificity for the melanoma neoantigen
GP33 in tumor-draining lymph nodes (TDLN) but not non-tumor-draining lymph nodes (NTDLN) after histotripsy.
(C, D) FACS analyses of splenocytes (gated on viable lymphocytes) demonstrated higher numbers of circulating
CD8+ T cells with T cell receptor (TCR) specificity for the minor melanoma antigen GP33 after histotripsy. (E)
Histotripsy was also associated with a higher ratio of circulating melanoma-specific CD8+ T cells to regulatory
CD4+ T cells (n=4 per group, *p<0.05 vs control by t-test).

5.3.5 Abscopal intratumoral CD8+ T cell responses

Because of the unique ability of histotripsy to trigger significant local and systemic
tumor-directed CD8+ T cell responses, we evaluated the effect of histotripsy on distant tumor
sites. Ten days after inoculation with bilateral subcutaneous flank B16GP33 melanoma tumors,
C57BL/6 mice were treated with no therapy or histotripsy ablation of unilateral tumors. Ten days
after treatment, contralateral (non-treated) tumors were harvested for lymphocyte assays. FACS
identified significantly higher levels of abscopal CD8+ T cell infiltration into distant tumor sites
after contralateral histotripsy ablation (Figure 5-5A). Comparison between bilateral tumors using
immunohistochemistry confirmed minimal infiltration of CD8+ T cells in control mice (Figure

5-5B). CD8+ T cell infiltration on days 3, 5 and 7 after histotripsy was analyzed by
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immunohistochemistry. In control tumors, CD8+ T cell numbers were low and decreased over
time; in histotripsy-ablated tumors, CD8+ T cell numbers increased dramatically from day 3 to
day 5 and remained high on day 7. The abscopal effect in contralateral tumors after histotripsy
was characterized by a more gradual increase in CD8+ T cell numbers (Figure 5-5C). Whereas
tumors treated with histotripsy ablation exhibited brisk CD8+ T cell infiltration along the
periphery of ablation zones, abscopal CD8+ T cell infiltration in contralateral tumors after
histotripsy ablation was qualitatively different, exhibiting a more diffuse and homogeneous
pattern (Figure 5-5D, E). Of note, the ability of unilateral histotripsy ablation to promote distant
CD8+ TIL was associated with a small but significant inhibition of contralateral tumor growth
(Figure 5-5F). Furthermore, despite the presence of a contralateral untreated tumor, survival
studies indicated that the abscopal impact of unilateral histotripsy ablation was associated with a
statistically significant survival advantage to mice bearing bilateral B16GP33 melanoma tumors

(Figure 5-5G).
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Figure 5-5 Histotripsy promotes abscopal CD8+ T cell responses. Seven days afier bilateral BI6GP33 melanoma
tumor inoculation, C57BL/6 mice were treated with unilateral sham or subtotal histotripsy tumor ablation. FACS
analysis of TIL populations 10 days after treatment identified (4) significantly stronger intratumoral CD8+ T cell
infiltration in contralateral, untreated tumors after histotripsy. (B) FACS analysis of histotripsy-ablated (HT
ablated) and contralateral non-ablated tumors (HT abscopal) identified comparable levels of intratumoral CD8+
T cell infiltration (C) Quantitation of CD8+ T cells using immunohistochemistry (defined as the average number of
CD8+ T cells per 500 um2 area for a minimum of five non-overlapping fields from two independent samples) on
days 3, 5 and 7 after sham or histotripsy ablation showed small and diminishing CD8+ T cell numbers over time in
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control tumors, rapidly increasing CD8+ T cell numbers in histotripsy-ablated tumors, and gradually increasing
CD8+ T cell numbers in contralateral non-ablated tumors. (D) Immunohistochemistry and (E) immunofluorescence
staining of CD8 confirmed similar levels of CD8+ T cell infiltration between histotripsy-ablated (HT ablated) and
contralateral non-ablated tumors (HT abscopal), but with different patterns of infiltration. Whereas CD8+ T cells
were largely localized to peripheral areas that surrounded ablation zones in histotripsy-ablated tumors, CD8+

T cell infiltration was more diffuse and homogeneous in contralateral non-ablated tumors. (F) Comparison of tumor
growth between treated and contralateral non-treated tumors showed that histotripsy was associated with a modest
but significant abscopal inhibition of contralateral tumor growth. (G) This abscopal inhibition of contralateral
tumor growth by histotripsy was associated with significant prolongation of survival (n=4 per group and 23 per
group in survival experiments, *p<0.05 vs control by t-test; 1p<0.05 vs all other groups by analysis of variance).

5.3.6 Histotripsy inhibits the development of distant metastases

Given the evidence of abscopal immune stimulation, we investigated the ability of local
histotripsy ablation to inhibit growth of distant tumors. C57BL/6 mice were inoculated with
unilateral subcutaneous injections of B16GP33 melanoma cells on day 0 and with intravenous
injections of B16GP33 melanoma cells on day 3 to establish flank and pulmonary melanoma
tumors, respectively. On day 10, mice were treated with sham ablation or histotripsy ablation of
flank tumors; on day 20, mice were euthanized for visual quantitation of pulmonary metastases.
Significantly fewer pulmonary metastases were observed in mice treated with histotripsy
ablation of flank tumors (Figures 5-6A, B). Immunohistochemical analysis demonstrated smaller
tumor size and marked CD8+ T cell infiltration among pulmonary metastases after flank tumor

histotripsy ablation (Figures 5-6C).

A B 300 C

250

control control ..

200

150 "

pulmonary metastases

HT 100 HT

50

control HT

Figure 5-6 Histotripsy inhibits the development of distant pulmonary metastases. C57BL/6 mice were inoculated
with flank and intravenous inoculations of BI6GP33 melanoma on days 0 and 3, respectively. Sham (control) or
histotripsy (HT) of flank tumors was performed on day 10, and pulmonary metastases were quantified by visual
inspection on day 20. Representative specimens (A) and group data (B) demonstrated significantly fewer pulmonary
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metastases in mice treated with flank tumor histotripsy ablation. (C) Immunohistochemical analysis demonstrated
smaller tumor size and more concentrated CD8+ T cell infiltration among pulmonary metastases in mice treated
with histotripsy (n=4 per group, *p<0.05 vs control by t-test; black bars indicate 50 um).

5.3.7 Systemic inflammatory changes and local release of HMGB1

We hypothesized that the immunostimulatory effects of histotripsy could be associated
with an ability to promote the release of intratumoral HMGBI1. As illustrated in Figure 5-2,
histotripsy tumor ablation was followed by an intense inflammatory infiltrate of NK cells, DCs,
neutrophils and macrophages. FACS of splenocytes on day 10 after histotripsy demonstrated a
significant increase in circulating NK cells and a trend toward higher percentages of circulating
neutrophils (Figures 5-7A-C). One day after histotripsy treatment, immunofluorescence assays
identified apoptotic changes within treated tumors, as evidenced by nuclear condensation; this
was associated with marked translocation of CRT from the endoplasmic reticulum to the plasma
membrane as compared with untreated controls (Figures 5-7D). On days 1 and 7 after histotripsy
treatment, immunofluorescence assays demonstrated a significant extranuclear translocation of
HMGB1 within the intratumoral microenvironment compared with untreated controls (Figures 5-
7E, F). By day 7 after histotripsy treatment, ELISA (Figure 5-7G) measured significant increases

in serum levels of HMGB1 compared with untreated controls.
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Figure 5-7 Histotripsy promotes local and systemic inflammatory events. (A-C) FACS analyses demonstrated
significantly larger populations of circulating NK1.1+ natural killer cells and a trend toward larger populations of
Ly6G+ neutrophils ten days after histotripsy. (D) Immunofluorescence analyses of tumors confirmed colocalization
of CRT with the endoplasmic reticulum protein ERp72 (data not shown), 1 day after histotripsy ablation, DAPI
staining identified marked nuclear condensation and translocation of calreticulin (CRT) to the plasma membrane
(outlined in green) consistent with apoptosis induction. (E, F) Immunofluorescence analyses of tumors (40X
magnification) showed significant increases in levels of extracellular high mobility group box protein 1 (HMGBI)
on days 1 (early) and 7 (late) after histotripsy. (G) By day 7 after histotripsy, enzyme-linked immunosorbent assays
of serum identified significantly higher levels of circulating HMGBI. (n=3 per group, * p<0.05 vs. control)

5.3.8 Efficacy of checkpoint inhibition immunotherapy
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We tested the ability of histotripsy-associated antitumor immune stimulation to work
cooperatively with conventional immunotherapy. C57BL/6 mice were inoculated with bilateral
subcutaneous B16GP33 melanoma tumors, then treated with sham or intraperitoneal injections of
anti-CTLA-4 mAb on days 6, 9, and 12, and sham or histotripsy ablation on day 10. The
systemic ability of checkpoint inhibition to control tumor growth was slightly stronger than the
abscopal effect of histotripsy ablation (Figure 5-8A). When used together, the addition of
contralateral histotripsy significantly augmented the therapeutic efficacy of checkpoint
inhibition. Checkpoint inhibition, unilateral histotripsy, and combination therapy were all
associated with significant increases in CD8+ tumor-infiltrating lymphocytes in contralateral,
non-ablated tumors (Figures 5-8B, C). However, when quantified as numbers of infiltrating
CD8+ T cells normalized to tumor volume, the addition of unilateral histotripsy significantly
increased CD8+ TIL concentration compared with checkpoint inhibition alone. To verify that
histotripsy was able to potentiate immune responses against less immunogenic tumors, C57BL/6
mice were inoculated with bilateral subcutaneous Hepal-6 hepatocellular carcinoma tumors,
then treated with sham or intraperitoneal injections of anti-CTLA-4 mAb on days 3, 6, 9 and 12,
and sham or histotripsy ablation on day 10. As shown in Figure 5-8D, contralateral histotripsy
stimulated abscopal antitumor immune effects that produced a similar enhancement of
checkpoint inhibition immunotherapeutic efficacy in this more poorly immunogenic tumor

model.
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Figure 5-8 Histotripsy augments the therapeutic efficacy of checkpoint inhibition. C57BL/6 mice bearing bilateral
BI16GP33 tumors were treated with or without anti-CTLA-4 mAb on days 3, 6 and 9, and with or without unilateral
histotripsy tumor ablation on day 10. (A) Serial tumor measurements demonstrated optimal suppression of non-
ablated tumors in mice receiving combination therapy. (B) When measured as a percentage of TIL, intratumoral
CD8+ T cells were increased in non-ablated tumors in all treatment groups; (C) however, when measured as cell
numbers normalized to tumor volume, significant increases in intratumoral CD8+ T cell responses were only
observed in non-ablated tumors after combination therapy. (D) C57BL/6 mice bearing bilateral Hepal-6 tumors
were treated with or without anti-CTLA-4 mAb on days 3, 6, 9 and 12, and with or without unilateral tumor ablation
on day 10. Serial tumor measurements demonstrated optimal suppression of non-ablated tumors in mice receiving
combination therapy. (n=4 per group; *p<0.05 vs control by t-test; 1p<0.05 vs histotripsy by t-test; [p<0.05 vs all
other groups by analysis of variance).

5.4 Discussion

Checkpoint inhibitors can bypass tumor-associated immune suppression in relatively

immunogenic malignancies like melanoma and lung cancer to improve prognosis of patients [26,
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27, 29-33]. However, overall response rates with checkpoint inhibition are limited, and the
success of immunotherapy has not been fully translated to patients with less immunogenic
cancers [34-37]. Efforts to increase the impact of checkpoint inhibition may require
immunomodulatory interventions that can magnify tumor immunogenicity. The ability of
radiation therapy and thermal ablation to trigger tumor-directed immune responses has been
explored for years, but the magnitude of their immunostimulation and their ability to
meaningfully impact cancer immunotherapy remain undetermined [13-18, 38]. Promising studies
have also suggested that high-intensity focused ultrasound (HIFU), which uses ultrasonic waves
to induce thermal injury, may be capable of promoting local inflammatory and
immunostimulatory effects [39, 40]. However, like thermal ablation, HIFU relies on the
induction of denaturing heat that could theoretically blunt the immunogenicity of the post-
treatment tumor microenvironment.

We observed that histotripsy ablation of subcutaneous melanoma tumors resulted in a
marked upregulation of intratumoral CD8+ T cell infiltration. The immunostimulatory potency
of histotripsy may be related to its ability to promote immunogenic cell death. Unlike thermal
ablation, which exerts its effect through heat-based denaturation and necrosis, histotripsy causes
cell membrane disruption while preserving the integrity of subcellular components that could
have immunogenic or proinflammatory effects on their release from tumor cells. This may
explain why non-thermal histotripsy mediates immunostimulatory effects not seen with thermal
radiofrequency ablation. The unique ability of histotripsy to markedly upregulate circulating
numbers of CD8+ T cells specific for the minor tumor antigen GP33 suggests that histotripsy
may facilitate cross-presentation of tumor antigens [41-43]. Indeed, the induction of

inflammatory and antigen-presenting cell populations within the ablated tumor and the
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therapeutically favorable skewing of tumor-specific CD8+ effector:CD4+ regulatory T cells
within the systemic circulation suggest that the local immunostimulatory effects of histotripsy
may be potent enough to globally reorient the systemic immune system toward tumor antigen
recognition. Radiation therapy has been proposed as a means to promote apoptotic immunogenic
cell death [18, 38, 44]. It is recognized that proapoptotic conditions of cell death in which danger
associated molecular patterns (DAMPs) like CRT, HMGBI, heat shock proteins, and nucleic
acids are released from dying cells are highly inflammatory, inducing the migration and
activation of phagocytes and antigen-presenting cells that subsequently promote tumor antigen
presentation to the adaptive immune system. In contrast, largely pronecrotic conditions of cell
death in which involution of dying cells is not accompanied by the release of DAMPs or
exposure of tumor antigens lead to a tolerogenic, non-immunogenic cell death [45-47]. Indeed,
we observed evidence of both local and systemic inflammatory responses following histotripsy,
manifested by increases in intratumoral NK, DC, neutrophil, B and T cell populations, as well as
elevated levels of circulating NK cells. We also observed a striking early translocation of CRT
from the cytosolic endoplasmic reticulum to the plasma membrane, and translocation of HMGB1
out of the nucleus immediately after histotripsy ablation, followed by significant increases in
circulating HMGBI levels. These phenomena suggest that the ability of histotripsy to promote
release of DAMPs from dying tumor cells may be involved in the stimulation of innate and
adaptive immune responses against tumor. Ongoing work in our laboratory is directed at
dissecting the potentially causative role that release of HMGB1 or other DAMPs may have in
histotripsy immunostimulation.

Because of this ability of histotripsy to generate systemic immune responses against

tumor, we used a two-tumor model to demonstrate that unilateral histotripsy tumor ablation is
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capable of stimulating abscopal CD8+ TIL responses within contralateral, untreated tumors.
Previous studies in various animal models have demonstrated the induction of measurable
abscopal immune responses following thermal ablation and radiation [13-18, 38, 44], we
observed strong systemic effect with histotripsy. Within the tumor microenvironment, we
observed qualitative differences in the patterns of intratumoral CD8+ T cell infiltration between
treated and distant tumors. Whereas TIL populations were heavily concentrated along the
periphery of ablation zones in treated tumors, TILs were localized more diffusely at distant
tumor sites. The ability of subtotal (unilateral) histotripsy ablation to promote tumor-directed
immune responses at both treated and untreated tumor sites resulted in a retardation of distant
tumor growth. Despite the presence of contralateral tumors that were left completely untreated,
this retardation was sufficient to promote statistically significant prolongation of survival. The
potency of histotripsy-mediated abscopal effects was further illustrated by the ability of local
histotripsy ablation to concomitantly inhibit distant pulmonary metastases. Importantly, we
found that the immunostimulatory impact of histotripsy could work cooperatively with
checkpoint inhibition immunotherapy, imparting a significant improvement in tumor control
beyond that seen with checkpoint inhibition alone. Moreover, histotripsy-mediated abscopal
immune responses were capable of potentiating checkpoint inhibition immunotherapy against
more poorly immunogenic tumors like hepatocellular carcinoma.

Our observation that histotripsy immunostimulation could work cooperatively to enhance
the efficacy of checkpoint inhibition immunotherapy against melanoma and hepatocellular
carcinoma has important clinical implications. Contemporary checkpoint inhibitors like anti-
CTLA-4 and anti-PD-1 monoclonal antibodies have, alone or in combination, yielded

remarkable responses and prolonged survival for a subset of patients whose advanced melanoma
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and lung cancer had until only recently been largely untreatable. Recent studies have also
suggested the therapeutic efficacy of CTLA-4 blockade for malignancies like hepatocellular
carcinoma [47-49]. However, a sizeable majority of patients with these diseases remain
unresponsive to checkpoint inhibition, and the remarkable benefits of immunotherapy have not
been widely translated to patients with other, less immunogenic malignancies. It has become
well established that responsiveness to checkpoint inhibition correlates with markers of tumor
immunogenicity, as reflected by mutation and neoantigen frequency [50, 51]. Checkpoint
inhibitors are unlikely to be able to add meaningful impact in a setting of poorly immunogenic
tumors that do not trigger endogenous immune responses on their own.

There are a few other limitations of this study, primarily related to the choice of tumor
model. The subcutaneous liver cancer model (Hepa 1-6) cannot replicate the tumor
microenvironment as well as an orthotopic model. Melanoma and HCC tumors may have
varying levels of tumor immunogenicity, so the strength of immune responses may vary across
tumor types. Since subtotal histotripsy ablation was performed, it is possible that the level of
immune response may also be influenced by the ratio of ablated tumor volume to the total tumor
burden. Although the checkpoint inhibitor dosing in this study was chosen based on literature,
optimal dosing for maximizing therapeutic response in combination with histotripsy still needs to
be determined. Finally, the histotripsy-mediated immune response beyond 10 days post ablation
was not characterized in this study, it is possible that it may decline over time and strategies such
as re-ablation or additional immunotherapy dosing could be needed to maintain optimal levels of
anti-tumor immunity. To address all these concerns, future studies will focus on in-depth

immune investigations in immunocompetent, orthotopic tumor models.
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Chapter 6 Investigation of Repeat Histotripsy Ablation

6.1 Introduction

Liver cancer is one of the top ten causes of cancer related deaths worldwide and in the
United States [1]. Although many treatment options are available, including radiofrequency
ablation (RFA), micro-wave ablation (MWA), Transarterial chemoembolization (TACE),
cryoablation, high intensity focused ultrasound (HIFU)), chemotherapy, radiation therapy,
targeted drug therapy and immunotherapies, HCC continues to have a high recurrence rate [2, 3].
Approximately 50-80% of patients experience recurrence within a few years following treatment
[4]. There is currently ongoing interest in neoadjuvant and adjuvant treatment strategies aimed at
decreasing recurrence rates.

Histotripsy non-invasively destroys soft tissue through precise control of acoustic
cavitation [5-7]. Our previous study in immunocompromised mice has demonstrated that
histotripsy can destroy the target tumor tissue to form acellular debris, which is resorbed over
time, resulting in effective reduction of local tumor progression and improvement in survival
outcomes, eventually tumor recurrence was observed [8]. We have also demonstrated that
histotripsy can mechanically ablate cells to promote anti-tumor inflammatory and
immunostimulatory effects in immunocompetent mice [9]. Histotripsy can be theoretically
repeated as necessary to control local tumor progression, however, the tolerability and the
biological effects of repeat histotripsy procedures in local control have not been studied yet. The

aim of this study is to compare the safety, efficacy, local tumor control and survival outcomes for

176



single and repeat histotripsy using immunocompetent and immunocompromised murine HCC

models.

6.2 Materials and Methods

6.2.1 Experimental Design

This study was approved by the Institutional Animal Care and Use Committee at the
University of Michigan (UM-IACUC). Human-derived xenograft murine subcutaneous HCC
tumor model was developed in immune-compromised NSG (NOD-Prkdcscid IL2rynull) murine
hosts. A mouse-derive subcutaneous HCC tumor model was developed in immunocompetent
C3H murine hosts. Animals were monitored for up to 3 months by MRI for local tumor
regression or progression. The primary tumor growth characteristics, response to histotripsy,
tumor recurrence and survival outcomes were compared between the two histotripsy doses.

HepG2 HCC tumor cells were injected subcutaneously in the flanks of 24 NSG female
mice aged 6-7 weeks to generate tumors. The mice were categorized into three groups based on
the tumor volume targeted for ablation: A) single histotripsy (n=8), B) repeat histotripsy (n==8),
and C) control (n=8). Three weeks after inoculation, the mice in single and repeat treatment
groups were treated with histotripsy. The mice in control group did not receive histotripsy or
other treatment. One week after initial histotripsy treatment, mice in the repeat treatment group
mice received repeat histotripsy treatment.

HCA-1 tumor cells were injected subcutaneously in the flanks of 21 C3H female mice
aged 6-7 weeks to generate tumors. The mice were categorized into three groups based on the
tumor volume targeted for ablation: A) single histotripsy (n=7), B) repeat histotripsy (n=7), and

C) control (n=7). Four weeks after inoculation, the mice in single and repeat treatment groups
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were treated with histotripsy. The mice in control group did not receive histotripsy or other
treatment. One week after initial histotripsy treatment, mice in the repeat treatment group mice
received repeat histotripsy treatment.

The choice of performing the repeat histotripsy treatment at 1 week post initial treatment
was based on the observations of adaptive immune response to histotripsy observed at 1 week
post treatment in previous studies [9]. While this study focuses on the tolerability and survival
outcomes, we plan to investigate if repeat treatments can sustain favorable anti-tumor immune

response over time to control local tumor growth as compared to single treatment.

6.2.2 Cell Preparation

HepG2 (ATCC® HB-8064™) cells derived from human HCC tumors were cultivated in
DMEM (+Glutamine, +Earle’s Salts) media supplemented with 10% FBS, and 1 mL
Gentamicin. HCA-1 cells obtained from Duda Laboratory (Harvard University, Massachusetts)
were cultivated in DMEM (+Glutamine, +Earle’s Salts) media supplemented with 10% FBS, and
I mL Gentamicin. The cells were maintained at 37 °C in a 5% C02/95% humidified air

atmosphere.

6.2.3 Animals

NSG mice were injected with 5 million HepG2 cells subcutaneously into the right flank
to generate xenograft tumors. All mice were monitored weekly and tumor diameter
measurements were quantified using calipers. C3H mice were injected with 7-8 million HCA-1
cells subcutaneously into the right flank to generate xenograft tumors.

Prior to and during histotripsy, the mice were induced and maintained on general

anesthesia by inhalation of isoflurane gas (1.5-2.0%) in 1 L/min of oxygen (SurgiVet V704001,
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Smiths Medical, Waukesha, Wisconsin, USA). The hair covering the subcutaneous tumor region
was removed with an electric clipper. Core body temperature was recorded using a rectal probe
and was maintained between 35-37 °C with an overhead heating lamp. The mice were injected
with Carprofen analgesic (5 mg/kg) subcutaneously before delivery of histotripsy treatment and
24 and 48 hours after histotripsy therapy. Immediately after histotripsy, the mice were
transferred to a recovery chamber fitted with an overhead heating lamp and were placed on a
heated pad. Once the mice recovered from anesthesia and were mobile, they were transferred
back to their housing cages.

End stage illness and humane endpoints guidelines were determined as follows: animals
exhibiting signs of dehydration, emaciation or cachexia, impaired mobility, systemic infection,
or abdominal or thoracic bleeding during or immediately after histotripsy treatment were to be

euthanized.

6.2.4 Experimental Setup

Our lab has designed and built a custom 8 element 1 MHz focused ultrasound therapy
transducer specifically for rodent histotripsy therapy [8, 10]. The histotripsy transducer was
driven by a custom-built high-voltage pulser controlled by a field-programmable gate array
(FPGA) development board (DEO-Nano Terasic Technology, HsinChu, Taiwan), enabling the
therapy transducer to generate, and output 1-2 cycle histotripsy pulses. A 20 MHz B-mode
ultrasound imaging probe (L40-8/12, Ultrasonix, Vancouver, Canada) was co-aligned with the
center of the therapy transducer to allow visualization of the focal ablation volume in real time.
The ultrasound therapy transducer and the imaging probe were mounted to a motorized 3-axis
positioning system to mechanically scan the therapy focus across a 3D target ablation volume.

Water was used as the ultrasound coupling medium by immersing the transducer and imaging
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probe in a tank of degassed water maintained at 35-37°C by means of a coil heater. The mouse

was placed on a custom-built animal platform just over the water tank.

6.2.5 Histotripsy Ablation

After sedation, the animal was placed decubitus with the subcutaneous tumor submerged
in the degassed water. To identify the histotripsy focus on ultrasound imaging, test histotripsy
pulses were delivered to the water tank by the therapy transducer to generate a “bubble cloud”
which appeared as a hyperechoic cavitation zone on ultrasound imaging. The position of the
hyperechoic cavitation zone was then marked as the therapy focal position on the ultrasound
image. Using a custom MATLAB script, the ultrasound therapy transducer and the imaging
probe were scanned using the motorized positioning system, such that a treatment ellipsoid
consisting of a grid of uniformly spaced therapy focal zones (~0.5 — 0.7 mm between adjacent
focal volumes) would encompass the user-defined target 3D tumor volume. The entire tumor
volume was targeted for ablation without any additional treatment margin to avoid off-target
damage to skin and muscle. At each focal location, 50 histotripsy pulses at 100 Hz PRF (P- >30
MPa) or 0.5 seconds of ablation were delivered. Treatment times ranged from 5-15 minutes
depending on tumor volume dimensions. After ablation, the targeted region appeared hypoechoic
on ultrasound imaging, enabling real-time feedback to ensure adequate ablation volumes were
achieved. Histotripsy parameters were chosen on the basis of previous in vivo and in vitro work

8, 11].

6.2.6 Magnetic Resonance Imaging for Treatment Evaluation

MRI data was obtained within 1 day prior to histotripsy and within 1 day post-histotripsy,

followed by weekly imaging to assess the effects of tumor ablation and characterize variations in
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imaging appearance. Imaging was performed on a 7.0 T MR scanner using a Direct Drive
console (Agilent Technologies, Santa Clara, CA, USA) with a 40 mm inner-diameter transmit-
receive radiofrequency (RF) volume coil (Morris Instruments, Ontario, Canada). Prior to and
during imaging, the mice were induced and maintained on general anesthesia by inhalation of
isoflurane gas (1.5-2.0%) in 1 L/min of oxygen (SurgiVet V704001, Smiths Medical, Waukesha,
Wisconsin, USA). Respiration was monitored and animal temperature was maintained at 37+0.5
°C using a rectal temperature probe and a custom-built proportional-integral-derivative (PID)
controller (LabVIEW, National Instruments, Austin TX) interfaced with a commercially
available small animal system (SA Instruments, Stony Brook, NY). Initial pilot scans were
performed to confirm positioning. Thereafter, T2, T1-weighted fast spin-echo (FSE) sequences
and a T2*-weighted gradient-echo (GRE) sequence were used to visualize the tumor in the axial
plane (Table 6-1). Tumor diameter measurements were also made on the MRI images.

Surrounding structures such as the musculature and body wall were evaluated for signs of injury.

Table 6-1 MR Imaging Parameters

Sequence Type T2-weighted FSE T1-weighted FSE T2*-weighted GRE
Slice Thickness Imm Imm Imm

FOV 40 x 40mm 40 x 40mm 40 x 40mm

TR 2000ms 2000ms 250ms

TEest 21.3ms 7.18ms Sms

Acquisition Time ~2 min ~2 min ~2 min

6.2.7 Statistical Analysis

181




Experimental data were analyzed using MATLAB (v2016). Survival analysis was
performed using the Kaplan-Meier method. Analysis of variance (ANOVA) was applied to
assess the statistical significance in tumor growth kinetics. Differences in survival between
control, single dose of histotripsy and repeat histotripsy ablation cohorts were assessed using the

log-rank test. Significance was defined as p < 0.05.

6.3 Results

6.3.1 Clinical Monitoring

All tumor inoculations were well-tolerated with no deaths or complications as a direct
result of the subcutaneous tumor injections. All histotripsy procedures were well tolerated

without major or minor complications requiring additional care or euthanasia.

6.3.2 Local Tumor Response

Histotripsy of HepG2 tumors in immunocompromised mice inhibited tumor growth for 1-
2 weeks following treatment as compared to controls (Figure 6-1A). A second treatment of
histotripsy stabilized tumor volumes for an additional 1-2 weeks, however eventually tumor
progression was observed, similar to single histotripsy. Histotripsy of HCA-1 tumors in
immunocompetent mice inhibited tumor growth for 1-2 weeks following treatment as compared
to controls (Figure 6-1B). A second treatment of histotripsy stabilized tumor volumes for an
additional 1-2 weeks, however eventually tumor progression was observed, similar to single

histotripsy.
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Figure 6-1 Response to Histotripsy. Histotripsy ablation resulted in suppression of local tumor growth in both (4)
HepG?2 and (B) HCA-1 tumor models as compared to control. Histotripsy was performed at week 0. For the repeat
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histotripsy group, the second treatment was performed at week 1.

6.3.3 Survival Outcomes

B. HCA-1 Tumor Growth
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e

Histotripsy treated animals had statistically significant improved survival compared to

controls in the HepG2 tumor model (Figure 6-2A). All the control mice in the HepG2 group

were euthanized by 4 weeks post treatment timepoint due to increased tumor burden. n=8/8

repeat histotripsy mice survived up to 7 weeks, in comparison, only n=3/8 single histotripsy mice

survived up to 7 weeks. However, the difference between histotripsy groups is not statistically

significant.
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Figure 6-2 Survival Outcomes. Kaplan Meier survival curve indicates significant difference in survival outcomes of
histotripsy-treated animals vs untreated controls in both (A) HepG2 and (B) HCA-1 tumor models (p < 0.0001). The
difference between histotripsy groups is not statistically significant

All the control mice in the HCA-1 group were euthanized by 2 weeks post treatment
timepoint due to increased tumor burden. Histotripsy treated animals had statistically significant
improved survival compared to controls in HCA-1 tumor model (Figure 6-2B). n=7/7 repeat
histotripsy mice survived more than 4 weeks, in comparison, only n=5/7 single histotripsy mice
survived more than 4 weeks. However, the difference between histotripsy groups is not

statistically significant.

6.3.4 Radiological Observations in HepG2 tumor model

At the histotripsy timepoint (3 weeks post tumor inoculation), untreated tumor appeared
hyperintense on T1-weighted MRI compared to the adjacent muscle. The tumor volume was
45.59 £ 10.01 mm?® (mean + SEM) in the single histotripsy group, 67.43 + 7.64 mm?® (mean +
SEM) in the repeat histotripsy group, and 81.45 + 12.73 mm?® (mean + SEM) in control group.
The difference was not statistically significant (p > 0.05). Subsequent timepoints are measured

from the histotripsy timepoint (week 0).
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Effective tumor volume stabilization was observed in histotripsy animals as compared to
untreated controls (Figures 6-3, 6-4). On T2* MR imaging, tumor is hypointense compared to
the muscle and becomes hyperintense post treatment, indicating liquification of tumor post
histotripsy. Although the ablated tumor homogenate did not completely resolve post histotripsy,
tumor progression was arrested for at least one week following histotripsy treatment in both
treatment groups.

Control

WEEK 1 WEEK 2

Single Histotripsy

PRE

fa>e

10 mm

Repeat Histotripsy

WEEK 2 WEEK 3

L) Y ke) ) e

10 mm

Figure 6-3 Comparison of HepG2 tumor progression on T1-weighted MRI. Representative T1 weighted MRI
images show tumor response. In the repeat histotripsy group, tumor was treated again at week 1 timepoint. Local
tumor control is observed 1-2 weeks following histotripsy treatment, however local tumor progression is observed in
the control animal.
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Control

Single Histotripsy

Figure 6-4 Comparison of HepG2 tumor progression on T2*-weighted MRI. Representative T2* weighted MRI
images show tumor response. In the repeat histotripsy group, tumor was treated again at week 1 timepoint. Local
tumor control is observed 1-2 weeks following histotripsy treatment, however local tumor progression is observed in
the control animal.

6.3.5 Radiological Observations in HCA-1 tumor model

At the histotripsy timepoint (4 weeks post tumor inoculation), untreated tumor appeared
hyperintense on T2-weighted MRI compared to the adjacent muscle (Figure 6-6). The tumor
volume was 261.17 + 102.05 mm?® (mean + SEM) in the single histotripsy group, 204.17 = 60.91
mm? (mean + SEM) in the repeat histotripsy group, and 376.94 + 97.26 mm?® (mean + SEM) in
control group. The difference was not statistically significant (p > 0.05). Subsequent timepoints
are measured from the histotripsy timepoint (week 0).

Effective tumor volume stabilization was observed in histotripsy animals as compared to

untreated controls (Figures 6-5). Although the ablated tumor homogenate did not complete
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resolve post histotripsy, local tumor progression was controlled for at least one week following

histotripsy treatment in both treatment groups.

Control

WEEK 1

WEEK 1

10 mm

Figure 6-5 Comparison of HCA-1 tumor progression on T2-weighted MRI. Representative T2 weighted MRI
images show tumor response. In the repeat histotripsy group, tumor was treated again at week 1 timepoint. In both

single and repeat histotripsy cases, tumor volume appears stabilized at 2 weeks, whereas tumor progression is
observed in the control case.

6.4 Discussion

This study investigates the response of single and repeat histotripsy tumor ablation in
both immunocompetent and immunocompromised HCC murine tumor models using MR
imaging. Cirrhotic patients at risk of HCC are known to be systemically immunocompromised

[12]. We have used the human-derived HCC xenograft model for more accurate pre-clinical
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assessment of histotripsy tumor responses in immunocompromised hosts, while using the mouse-
derived HCC model to study the response in an intact immune system. Our results indicate that
histotripsy controlled local tumor progression as compared to controls in both models, although
complete tumor regression was not observed. This study also demonstrates that repeat histotripsy
is well tolerated and contributes to local tumor control. Theoretically it may be possible to repeat
histotripsy procedures more than once to effectively control and even reduce the tumor burden
over time. However, the impact of repeat procedures on immunomodulation remains to be
investigated. Ablation has traditionally been used as a curative therapy or bridging therapy to
downstage tumors[13]. Histotripsy may be useful an effective adjuvant to downstage tumors in
combination with other therapies.

In the HCA-1 tumor study, tumors were treated at a later timepoint (4 weeks post
inoculation), and the pre-treatment tumor volumes were higher compared to the HepG2 study.
Promisingly, the histotripsy procedures of larger tumor volumes (relative to mouse dimensions)
were well tolerated, and no safety concerns were observed. Although local tumor growth is
initially inhibited in treated animals as compared to controls, eventually tumor growth is
observed. Previous studies have shown that histotripsy promotes local inflammatory and
immunostimulatory effects within two weeks following histotripsy, however these effects have
not been investigated longer-term[9]. Repeat ablation has the potential to extend the anti-tumor
inflammatory and immunostimulatory benefits and should be further investigated to establish
optimal treatment timing and dosage for maximizing tumor reduction.

There are some limitations of this study. First, the subcutaneous tumors did not allow
sufficient ablation margin beyond the tumor boundary. Second, the subcutaneous model cannot

replicate the tumor microenvironment as well as an orthotopic model. Overall, this study
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demonstrates the feasibility of multiple histotripsy procedures for non-invasive tumor ablation

using human-derived and mouse-derived HCC murine models.
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Chapter 7 Summary and Future Work

7.1 Summary

This dissertation demonstrates the safety, efficacy, and biological effects of histotripsy
for tumor ablation in vivo with a primary emphasis on liver cancer. The works begins with the
development of subcutaneous human-derived HCC murine tumor models to demonstrate the
safety, feasibility, and tumor burden reduction effects of histotripsy. Next, the
immunomodulatory effects of histotripsy are investigated in murine melanoma and HCC models.
This is followed by development of orthotopic HCC models in immunocompetent hosts to
demonstrate the safety and feasibility of targeting liver tumors. Most significantly, these studies
demonstrate that histotripsy is capable of controlling local tumor growth and even promoting
complete local tumor regression without increasing the risk of metastasis. Though this work has
investigated histotripsy primarily in liver cancer models, the insights can be easily translated for
treatment of other solid tumors (e.g., melanoma, breast cancer, pancreatic cancer). The aim of
this work is to provide a scientific basis to facilitate clinical translation of histotripsy as a liver
cancer treatment modality.

The first study evaluated the safety and feasibility and survival benefits of histotripsy for
in vivo tumor ablation [1]. Results showed that non-invasive histotripsy ablation reduced local
tumor progression of subcutaneous human-derived HCC tumor and improved survival outcomes
in immunocompromised mice. This study also characterized the radiological features correlating

to the histotripsy tumor response.
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The second study evaluated the safety, feasibility, and tumor volume reduction effects of
histotripsy for liver cancer ablation in an orthotopic, immune-competent in vivo rat HCC model
[2]. For the first time, it was demonstrated that complete as well as partial histotripsy ablation of
tumors can result in complete tumor regression with no recurrence.

The third study evaluated the effects of partial histotripsy tumor ablation on tumor
response, risk of metastases and immune infiltration in an orthotopic, immunocompetent,
metastatic rodent hepatocellular carcinoma (HCC) model [3]. Results showed that histotripsy
significantly improved survival outcomes with no increased risk of metastasis compared to
controls and demonstrated that augmented tumor immune infiltration may have contributed to
the eventual regression even with partial treatment of tumors.

The fourth study evaluated the anti-tumor immune response generated by histotripsy
ablation of subcutaneous murine melanoma and HCC tumors [4]. Histotripsy stimulated potent
local intratumoral infiltration of innate and adaptive immune cell populations, promoted abscopal
immune responses at untreated tumor sites and inhibited growth of pulmonary metastases.
Histotripsy was capable of releasing tumor antigens with retained immunogenicity and was able
to amplify the efficacy of checkpoint inhibition immunotherapy.

The fifth study compared the tumor response and survival outcomes with single and
repeat histotripsy treatment in human-derived and mouse-derived HCC murine models. One
week after the initial histotripsy treatment, animals received a repeat histotripsy treatment.
Results showed that both single and repeat histotripsy treatment significantly improved survival
outcomes over controls.

Overall, the results of this dissertation provide significant insight into the physical

processes underlying histotripsy tumor ablation and will help to guide the future development of
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histotripsy therapy for clinical applications such as the treatment of liver cancer. Histotripsy is a
promising alternative that can overcome the limitations of current locoregional ablation therapies
for safe and effective non-invasive liver tumor ablation. Additionally, since histotripsy
mechanically ablates cells without denaturing them, we have shown that histotripsy is capable of
releasing tumor antigens which can be recognized by the immune system to stimulate strong
anti-tumor response as a robust adjuvant to cancer immunotherapy. Clinically, histotripsy may be
a suitable downstaging treatment modality either alone or in combination with other therapies in
early and intermediate-stage HCC patients, enabling them to meet the criteria for curative HCC
options such as resection and transplantation. Histotripsy may also be useful for treating cases of
recurrent HCC as the procedure can be theoretically repeated on-demand. Finally, histotripsy has
the potential to be clinically adopted for the treatment of other solid tumors in addition to liver
cancer. Future work will aim to build upon the studies detailed in this dissertation in order to
further our understanding of the biological processes involved in histotripsy tumor ablation and

to promote the clinical translation of histotripsy.

7.1 Future Work

7.1.1 Investigation of histotripsy mediated tumor cell-death mechanism

Cancer cell death is a multi-factorial, complex process. The type of cell death induced
can have significant biological and physiological consequences in terms of local and systemic
tumor treatment efficacy[5]. It can significantly impact treatment efficacy, cancer recurrence,
and inflammation [6-9]. Histotripsy is hypothesized to cause immunological cell death of tumor;
however, the exact mechanism is not well understood. In previous studies, even partial ablation

of tumor triggered complete regression of the entire tumor lesion (including both ablated and
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residual tumor). The four major types of cell death, apoptosis, necrosis, pyroptosis and
necroptosis can be evaluated by their markers such as cleaved caspase-3,
phosphydylserine/annexin V binding (apoptosis), RIP-1 activation, NF-kB & TNF signaling
(necrosis), leaved caspase-1,-11, Gasdermin D, inflammasome activation (pyroptosis) and
RIPK3 and MLKL activation (necroptosis)[5]. However, since proteins and biochemical
pathways can be involved in more than one cell death mechanisms, the conclusive determination
of a definitive type of cell death is difficult [10, 11]. A recently discovered mechanism,
ferroptosis could also play an important role in liver cancer histotripsy as it involves iron-
dependence [12, 13]. Additionally, other studies have shown that liver cancer cells may be able
to be eliminated in a ferroptosis-dependent manner [14, 15]. Studies are currently ongoing to

determine the immunological cell death mechanisms and immune response following histotripsy.

7.1.2 Investigation of risk of metastasis

Metastasis is a complex process consisting primarily of five essential steps- 1) invasion,
where tumor cells detach from ECM and infiltrate adjacent tissue, 2) intravasation, where tumor
cells enter the circulatory system 3) survival in the circulatory system, 4) extravasation; where
tumor cells exit the circulatory system and infiltrate a distant site and 5) colonization; where
tumor cells grow and proliferate at the new site [16]. Previously, we focused investigation on the
first step of the metastatic cascade, invasion which is induced by epithelial-to-mesenchymal
transition (EMT) of tumor cells where they lose epithelial characteristics and concomitantly
acquire mesenchymal characteristics [4, 17]. The second step of the cascade, intravasation of
tumor cells generates circulating tumor cells (CTCs), however, it has been estimated that only
<0.01% of CTCs will develop distant metastatic lesions after surviving stress, immune attack and

anoikis in a hostile circulatory system environment [18]. Additional studies are on-going to
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assess the circulating tumor cells (CTCs) which will provide an insight into whether the

mechanical disruption caused by histotripsy increases CTCs as compared to untreated controls.

7.1.3 Investigation of immune effects and abscopal responses in orthotopic models

The immune microenvironment also affects the metastatic potential of the disseminating
cells. Cancer therapies such as radiation, chemotherapy and thermal ablation destroy tumor and
surrounding tissues via necrosis, which can trigger an inflammatory immune response. However,
this response can be either pro-tumor or anti-tumor depending on the tumor microenvironment
and the expression of immune mediators and modulators[19-22]. Our previous study
demonstrated that subcutaneous histotripsy ablation of melanoma tumors in murine hosts
releases tumor antigens with preserved immunogenicity initiating both local and systemic
immune response as evidenced by abscopal immune effects [4]. However, subcutaneous models
do not fully mimic the tumor microenvironment. Previous studies have shown that histotripsy
promotes local inflammatory and immunostimulatory effects within two weeks following
histotripsy[4], however these effects have not been investigated longer-term. Currently, we are
studying the impact of histotripsy ablation of liver lesion on distant intrahepatic lesions. Future
investigation will also be focused on in-depth analysis of the immune response in orthotopic

tumor models, with and without underlying cirrhosis at different timepoints post histotripsy.

7.1.4 Histotripsy parameter optimization

Previous studies have demonstrated that there is likely a minimal tumor volume
percentage threshold that needs to be ablated to generate sufficient histotripsy response to cause
the entire tumor (both ablated and unablated regions) to regress [1]. Our study presented in

Chapter 6 has also shown that repeat histotripsy ablation can be advantageous over single
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histotripsy ablation for controlling tumor growth and improving survival outcomes. Overall,
varying responses to single histotripsy ablation were observed in different tumor models
presented in this dissertation — underscoring the importance of determining optimal histotripsy
parameters based on tumor type to maximize therapeutic efficacy. Eventually, the
standardization of dosimetry for histotripsy would be beneficial as currently different research
groups use different parameters which impedes comparative studies. Currently, studies are
ongoing to optimize histotripsy parameters and evaluate the impact of factors such as percentage
of tumor volume targeted for ablation, number of treatment pulses delivered, and focal peak

negative pressure on tumor response.
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