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Abstract

Boiling histotripsy (BH) is an experimental focused ultrasound technique that produces non-
thermal mechanical ablation. We evaluated the feasibility, short-term histologic effects, and the
resulting acute inflammatory response to BH ablation of renal cell carcinoma (RCC) in the Eker
rat. Genotyped EKker rats were monitored for de novo RCCs with serial ultrasound (US) imaging.
When tumors were =8 mm, rats underwent ultrasound-guided extracorporeal ablation of the tumor
with BH, a pulsed focused US technique that produces non-thermal mechanical ablation of
targeted tissues, or a sham US procedure. Treatments targeted approximately 50% of the largest
RCC with a margin of normal kidney. BH treated rats were euthanized at 1 (n=4) or 48 (n=4)
hours, and sham subjects (n=4) at 48 hours. Circulating plasma cytokine levels were assessed with
multiplex assays prior to and at 0.25, 1, 4, 24 and 48 hours following treatment. Kidneys were
collected and processed for histologic assessment, immunohistochemistry and intrarenal cytokine
concentration measurements. For statistical analysis Student’s t-test was used. US-guided BH
treatment was successful in all animals, producing hypoechoic regions within the targeted volume
consistent with BH treatment effect. Grossly, regions of homogenized tissue were apparent with
evidence of focal intra-parenchymal hemorrhage. Histologically, BH produced a sharply
demarcated region of homogenized tumor and non-tumor tissue containing acellular debris. BH
treatment was associated with significantly increased relative concentration of plasma TNF vs.
sham treatment (p<0.05) and transient elevations in HMGB1, IL-10 and IL-6 consistent with acute
inflammatory response to trauma. Intrarenal cytokine concentrations followed the same trend. At
48 hours, enhanced infiltration of CD8* T cells was observed by immunohistochemistry in both
the treated and un-treated contralateral RCC/kidneys in BH-treated animals vs. sham treatment.
BH treatment was well tolerated with transient gross hematuria and a perinephric hematoma
developing in one subject each. The study demonstrates the feasibility of BH ablation of de novo
RCC and suggests activation of the acute inflammatory cascade following treatment that appears
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to stimulate CD8+ T cell infiltration of both treated and untreated tumors. Longer duration chronic
studies are ongoing to characterize the longevity and robustness of this response.
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INTRODUCTION

Histotripsy is a pulsed focused ultrasound (FUS) technique that produces non-thermal
mechanical homogenization of targeted tissue (Khokhlova et al. 2015). As initially
described, histotripsy involves delivery of short (less than 20 microseconds) high intensity
pulses of FUS to induce formation of microbubbles in targeted tissue via acoustic cavitation
(Hall et al. 2009, Parsons et al. 2006). Subsequent oscillation and collapse of these bubbles
produce mechanical fractionation of targeted tissues, while enabling real-time ultrasound
(US) guidance due to the high reflectivity of bubbles. The feasibility of using this “cavitation
cloud” histotripsy technique to ablate a variety of benign and malignant tissues has been
demonstrated, leading to Phase 1 clinical studies for benign urologic applications. We have
been developing an alternative approach to histotripsy, in which longer (1-10 ms), but lower
amplitude FUS pulses are utilized to form vapor bubbles within a few milliseconds at the
focus in a process that involves efficient shock-wave heating (Khokhlova et al. 2011).
Interaction of the vapor bubbles with the pulses produces acoustic fountaining that in turn
mechanically disrupts cells into a homogenate of subcellular debris with negligible thermal
effects (Simon et al. 2012). This technique, termed boiling histotripsy (BH), circumvents the
stringent size and output power requirements of cavitation cloud histotripsy therapy
transducers, while achieving the same mechanically mediated tissue effects.

Previous ex vivoand /n vivo studies have demonstrated the ability to achieve precise
mechanical ablation of a variety of soft tissues with BH, including kidney (Hoogenboom et
al. 2016, Khokhlova et al. 2014, Khokhlova et al. 2016). Based on these results, we
hypothesize that BH can be developed into an effective, non-invasive treatment of renal cell
carcinoma (RCC). To date, clinical management of RCC is stage dependent. For patients
presenting with small (<4 cm) renal masses nephron sparing surgery with a partial
nephrectomy is the current gold standard treatment (Campbell et al. 2009). While efficacious
(5 year local recurrence free survival rate of ~98%), partial nephrectomy is not without
inherent risks and morbidity with complication rates up to 24%, including bleeding, urinary
fistula, and conversion to radical nephrectomy (Klatte et al. 2011). In an effort to minimize
periprocedure morbidity, focal therapies, including radiofrequency ablation and cryotherapy,
have been adopted for select RCC patients. However, these ablative therapies have several
limitations with respect to their invasiveness, the location, shape and size of tumors that can
be treated, and the limited real-time treatment monitoring and feedback they offer
(Venkatesan et al. 2011). Specifically, the ideal renal tumor for these percutaneous thermal
therapies is a peripheral, regularly shaped tumor <3 c¢m in size due to the reliance on thermal
diffusion and the time required to achieve the desired “kill” temperature. Owing to the
limitations outlined above, thermal ablation has been limited to tumors smaller than 4 cm
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and has been associated with increased local recurrence rate of up to 10% (Campbell et al.
2009). As a result, there is a need for more efficacious and less invasive ablative therapy. BH
has the potential to overcome many of the challenges facing other ablative therapies due to
its non-invasive delivery that does not rely on thermal diffusion to achieve the effect and can
therefore potentially treat larger, irregularly shaped tumaors, in close proximity to the renal
sinus and other critical structures.

Recent pre-clinical studies have indicated that mechanical tumor ablation or lysis through
cryotherapy or mechanical HIFU may enhance systemic anti-tumor immune response
through release of large quantities of tumor antigens, that are not thermally denatured, along
with endogenous danger-associated molecular pattern signals (DAMPs or alarmins) from
lysed tumor cells /n situ (den Brok et al. 2006, Hu et al. 2007). The rapid release of alarmins
from necrotic or damaged cells initiates cytokine cascades that lead to recruitment and
activation of effector cells of the innate immune system that can subsequently promote
activation of adaptive immune responses (Chan et al. 2012, Chen and Nunez 2010). When
taken in the context of the well-defined immune aberrations in RCC and increasing role of
immunotherapy in metastatic RCC (Draube et al. 2011, McDermott et al. 2015), we
hypothesize that mechanical RCC ablation by BH may provide additional systemic
therapeutic benefits for patients with localized disease while serving as part of a more
efficient systemic immunotherapy for patients with metastatic disease.

The two major goals of this work were to demonstrate the feasibility of in vivo BH renal
tumor ablation in a de novo hereditary small animal RCC model and to perform an initial
exploration of the ensuing inflammatory response in terms of changes in tumor infiltrating
lymphocytes and cytokine milieu.

MATERIALS AND METHODS

Tumor model

The Eker rat RCC model was used due to its spontaneous tumor development, similar tumor
morphology and biology compared to human RCC, and intact immune system. Eker rats
inherit an autosomal dominant point mutation in the tumor suppressor gene 7scZ.
Subsequent loss of the other 7sc2allele produces RCC, often bilateral and of variable
histology, in ~100% of heterozygous ( 75¢2+/-) animals by 12 months (McDorman et al.
2002). Although the inciting event is loss of 7s¢2, as opposed to VHL in humans, Eker rat
renal tumorigenesis is characterized by a similar hypoxia-like phenotype with accumulation
of HIF-2a, overexpression of VEGF and neovascularity (Liu et al. 2003). Additionally, Eker
rat RCCs are characterized by increased mammalian target of rapamycin (MTOR) signaling
(Habib 2011, Kenerson 2002) with MTOR inhibition suppressing tumor growth. From an
immune standpoint, Eker rats with large tumor burden have decreased cellular and humoral
immunity compared to non-tumor bearing syngeneic rats, similar to immune alterations seen
in human RCC (Waynforth et al. 1981).

After obtaining approval from the University of Washington Institutional Animal Care and
Use Committee, genotyped Eker rats ( 75¢2 heterozygotes) underwent monthly bilateral
renal US imaging under isoflurane anesthesia (5% induction, 2% maintenance) using a high
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frequency ultrasound imaging probe (L7-18 linear array, center frequency 12 MHz, ,
Alpinion Medical Systems, Seoul, Korea) to assess tumor burden beginning at nine months.
When the largest RCC was =8 mm (10-14 months old) rats were randomly assigned to
treatment with BH or a sham procedure.

Boiling histotripsy setup and treatment

BH treatment was performed using a customized pre-clinical FUS system (VIFU-2000,
Alpinion Medical Systems, Bothell, WA, USA) (Figure 1). A 1.5 MHz single-element,
spherically-focused transducer (64 mm aperture, 45 mm radius of curvature, focus size at —6
dB level 7.5 mm x 0.8 mm x 0.8mm in linear propagation regime) was mounted in a water
bath filled with degassed water and maintained at 37°C and powered by a computer-
controlled function generator/amplifier. The FUS transducer was fitted with an ultrasound-
imaging probe (C4-12 phased array, center frequency: 7 MHz) via a central opening for in-
line treatment planning and monitoring. The transducer focus location was preregistered and
indicated on the US monitor.

Prior to BH treatment, each animal was anesthetized by isoflurane inhalation and maintained
in surgical plane of anesthesia. The ipsilateral flank was shaved and depilated for acoustic
coupling. High-resolution US imaging (L7-18 linear array, center frequency 12 MHz,
Alpinion Medical Systems, Seoul, Korea) was performed to confirm tumor location and
dimensions. After a pretreatment blood draw from the tail vein, the animal was positioned in
a custom-built holder, that was attached to a computer-controlled 3D positioning system, and
submerged in the water tank for treatment planning. The transducer focus was aligned with
the center of the tumor. The BH treatment plan was then generated to cover 50% of the
tumor region using a grid of treatment foci spaced by 1 mm in the vertical and horizontal
planes (8-20 focal points overall, depending on the tumor size). Only ~50% of the tumor
volume was targeted to allow confirmation of successful targeting of the intended tumor and
assessment of leukocyte infiltrates into the remaining tumor tissue. During BH treatment, the
animal holder was moved in a raster pattern to deliver the planned treatment foci. The
transient appearance of bright hyperechoic bubbles near the focus with each BH pulse
(Figure 1b and Supplementary Video 1) provided real-time visualization of the tumor area
being treated and feedback as to whether the /n situ focal pressures were sufficient to
produce BH. Gradual loss of structure in the treated area manifested itself as the appearance
of hypoechoic region containing swirls of transient bubbles, that allowed to evaluate
treatment progress. Sham animals underwent the same procedures, except the FUS
transducer was not turned on while the imaging US transducer was raster-scanned through
the tumor.

Ten pulses of 10 ms duration, at pulse repetition frequency of 1 Hz were delivered to each
focal spot, at an electric power of 525 — 575W, depending on the tumor depth. The power
level was adjusted within that range based on the observation of the hyperechoic region at
the focus. The peak focal pressure levels corresponding to these output levels were
previously measured in water by fiber optic probe hydrophone (FOPH-2000, RP Acoustics,
Leutenbach, Germany) as follows: peak positive pressure 90-100 MPa, peak negative
pressures 17-20 MPa, shock amplitudes 85-100 MPa. This pulsing sequence was devised
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and used in our prior work for BH liquefaction of subcutaneously grafted prostate cancer
tumors in rats (Chevillet et a/. 2017). In addition, preliminary BH exposures in ex-vivo rat
kidney were conducted prior to the start of the study to optimize spacing of the focal spots
and the number of BH pulses delivered per spot. A single BH cavity produced by delivering
10 pulses was nearly elliptical in shape and 2 mm x 2 mm x 7 mm in size, and the cavities
would merge into continuous liquefied volume if spaced 1 mm apart.

Post-treatment care and sample collection

A schematic of the procedure timeline is illustrated in Figure 1c. Immediately after
treatment, rats were removed from the holder and placed on a warming pad. Post-treatment
blood withdrawals were performed 10 min, 1 hour, 6 hours, 24 hours, and 48 hours after
treatment. High resolution US imaging of the treated kidney was performed immediately
following each blood withdrawal to evaluate the treated RCC for changes in echotexture
(i.e., the lesion). Following the 1 hour time point, rats were emerged from anesthesia and
were then briefly re-anesthetized for subsequent blood draws and imaging. For analgesia,
rats received subcutaneous ketoprofen (10 mg/kg) 1 hour and 24 hours post-treatment and
subcutaneous saline (10 ml/kg) for volume resuscitation following the 1 hour blood draw.
All blood samples were transferred to EDTA-coated tubes immediately following collection,
centrifuged for 5 minutes at RCF=800, and plasma was aspirated and immediately frozen
and stored at —80°C for subsequent cytokine assays. Rats were euthanized at 1 hour (BH
treated n=4) and 48 hours (BH treated n=4, sham treated n=4) via anesthesia overdose and
terminal blood draw. Necropsy was performed to evaluate for gross complications, and both
kidneys were removed, grossly inspected, and photographed. A 3-mm punch biopsy was
taken adjacent to the BH-treated or sham-treated RCC (to allow for undisturbed histologic
assessment of BH treatment) and frozen for subsequent intrarenal cytokine assay. The
kidneys were embedded in optimum cutting temperature medium (Tissue Tek, Sakura,
Japan) for histological analysis and immunohistochemistry (IHC).

Cytokine assays

Prior to performing cytokine assays, the kidney tissue cores were weighed (the weight
ranged within 20-90 g, depending on the thickness of the kidney), thawed and
homogenized in lysis buffer (MSD Tris lysis buffer with Inhibitor Pack, Mesoscale
Diagnostics, Rockville, MD, USA) using a small dounce homogenizer. The homogenate was
centrifuged at RCF=20,000 for 10 minutes, and supernatant collected. Total protein
concentration in the kidney tissue lysates was determined using the Bradford protein assay
(Thermao Fisher Scientific, Waltham, MA, USA) for subsequent normalization of the
cytokine concentration. Cytokine concentrations in plasma samples and renal tissue lysates
were evaluated with a multiplex assay (V-plex proinflammatory panel 2, Mesoscale
Diagnostics, Mesoscale Diagnostics, Rockville, MD, USA) targeting rat IFN-vy, IL-10,
IL-13, IL-1pB, IL-4, IL-5, IL-6, IL-8 and TNF per manufacturer’s protocol. A separate
multiplex assay was used to measure IL-1a concentrations (Rat IL-1a Ultra-Sensitive Kit,
Mesoscale Diagnostics, Mesoscale Diagnostics, Rockville, MD, USA). The multiplex plates
were read on MSD Sector S 600 instrument and analyzed with Discovery Workbench assay
analysis. The concentration of the alarmin HMGB-1 was measured in plasma samples using
a commercially available ELISA kit (HMGB1 ELISA Kit I, Shino-test corporation, Japan).

Ultrasound Med Biol. Author manuscript; available in PMC 2020 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Schade et al. Page 6

All assays were performed in duplicates. Cytokine levels were normalized to the pre-
treatment level, due to high inter-subject variability of pre-treatment cytokine levels, and
were compared with Student’s T-test.

Histology and immunohistochemistry

For each subject, serial 4 micron-thick frozen sections were taken from both the BH or sham
treated tumor/kidney and contralateral kidney. Serial sections were then stained with
hematoxylin and eosin (H&E) to visualize tissue structure, underwent nicotinamide adenine
dinucleotide diaphorase (NADH-d) staining as previously described (Wang et al. 2013,
Khokhlova et al. 2014) to confirm absence of thermal damage, or processed for
immunohistochemistry (IHC). IHC was performed using a Leica Bond Max automated
stainer (Leica Biosystems, Buffalo Grove, IL, USA) using a standard protocol. The primary
antibodies used to characterize infiltration by T cells included: CD8 (1:2000, 15-11C5,
Hycultbiotech), CD4 (1:500, W3/25, Abdserotec) and FoxP3 (1:100, mAbcam 22510,
Abcam); macrophages and dendritic cells: F4/80 (1:500, ab74383, Abcam), CD163 (1:500,
ED2, Abdserotec), and CD11c (1:100, Abcam); and neutrophils: myeloperoxidase (MPO,
Thermofisher Scientific). In addition, alterations in renal parenchymal and tumor cellular
proliferation following treatment were assessed by staining for Ki67 (1:100, PA-516446,
Thermofisher Scientific). All slides were stained using previously optimized conditions
including a positive control (rat spleen) and a non-primary antibody control. IHC reaction
was detected using the Leica Bond Polymer Refine detection kit (Leica Biosystems) and
3,3’-diaminobenzidine tetrahydrochloride (DAB) was used as a chromogen. Hematoxylin
was used as the counterstain.

RESULTS

Boiling histotripsy treatment effects

BH treatment produced transient hyperechoic bubbles readily observable on US imaging at
the focus with each treatment pulse. As treatment progressed, loss of targeted tissue
structure became apparent as a hypoechic cavity (between pulses). On high resolution US
imaging immediately after BH, a heterogenous hypoechoic cavity persisted (Figure 2). The
treatment was generally well tolerated, with no rats requiring analgesia beyond 24 hours
post-treatment and exhibiting no outward signs of pain. All rats were active and observed
eating within 24 hours. Transient (<24 hrs) hematuria was observed in one BH treated rat in
which the tumor was centrally located. At necropsy, an asymptomatic perinephric hematoma
was observed in one BH treated rat that survived for 48 hours. No collateral injury to
surrounding tissues was observed grossly. Representative gross images of tumor bearing
kidneys from BH and sham-treated rats are shown in Figure 3a. As expected, sham-treated
kidneys appeared normal with spheroid tumors. Inspection of kidneys/tumors 1 hour after
BH demonstrated petechial and/or subcapsular blood consistent with mechanical trauma. At
the 48-hour time point, the kidney appeared mildly edematous with petechial blood, and the
BH-liquefied region clearly visible as a dark subcapsular region.

Histological appearance of sham and BH treated RCC is presented in Figure 3. Sham
treatment produced no observable histologic effects. Conversely, BH treatment produced
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homogenized tumor and renal parenchyma confined to the targeted region 1 hour post-
treatment. There was sharp demarcation between treated and intact tissue with a transition
zone 1-2 cells wide. The homogenized area contained sub-micron cell debris and occasional
intact cell nuclei, with no intact tumor or parenchymal cells. Additionally, focal intact
erythrocytes were seen within the ablation cavity suggestive of mild hemorrhage. Normal
NADH-d staining of both the fractionated and adjacent intact tumor/parenchyma confirmed
no observable thermal damage (see Supplemental Figure 1). At 48-hours post-treatment,
BH-treated regions appeared similar with near absence of discernable cellular structures and
persistent sharp boundaries between viable and treated tumor/parenchyma. Small areas of
focal hemorrhage within the lesion and non-disrupted immediately adjacent tumor/
parenchyma (within 200-500 microns) were similarly observed. Additionally, significant
inflammatory infiltrates were observed at the BH lesion border and adjacent tumor/
parenchyma.

Representative IHC sections of Ki67-stained 48-hour kidneys are presented in Figure 4.
Normal renal parenchyma immediately adjacent to the BH cavity (within a 0.5-1 mm
border) exhibited increased intense positive nuclear Ki67 staining indicating enhanced
proliferation and tissue repair. ConverselRCC immediately adjacent to the BH cavity
demonstrated unchanged Ki-67 staining vs. other regions in the same tumor, distant
ipsilateral or contralateral tumors, or sham-treated control tumor. This suggested that BH
treatment did not stimulate proliferation of remaining RCC.

Boiling histotripsy immune effects

Cytokine assays: Temporal trends in circulating plasma HMGB1 and cytokines after BH
or sham treatment are shown in Figure 5. All levels were normalized to the pre-treatment
level due to high inter-subject variability of the initial cytokine levels. Plasma levels of
HMGB1 increased immediately (within 15 minutes), peaked around 4 hours, and then
returned to baseline by 48 hours post BH treatment vs. sham treatment, although these
changes did not reach statistical significance. Similarly, plasma TNF levels increased rapidly
following BH treatment, but not sham treatment, reaching statistical significance at 15
minutes and 4 hours (p=0.022 and p=0.043, respectively) and then converging by 48 hours.
Evaluation of plasma IL-6 and IL-10 revealed similar relationships, with IL-6 demonstrating
a trend toward increased plasma levels following BH treatment within 1-24 hours and IL-10
demonstrating a slower rise in the first 48 hours post-treatment. No trends were observed in
plasma levels in any of the other cytokines analyzed (IL-1a and B, IL-5, IL-8 and IL-13,
Supplemental Figure 2).

Intrarenal cytokine levels from BH-treated, sham-treated, and contralateral kidneys are
presented in Figure 6. Cytokine levels were compared between BH and sham-treated
controls and between their respective contralateral kidneys separately. BH-treatment was
associated with significantly higher intra-renal 1L-10 (p=0.03) and significantly lower IFN-y
vs. sham-treatment 48 hours after treatment in the treated kidneys. Additionally, there was a
non-significant trend toward increased 48-hour intrarenal TNF, IL-6, IL-8 and IL-13 in BH-
treated vs sham-treated kidneys. Contralateral kidneys demonstrated similar non-significant
trends for IL-10, IL-6, and IL-8 at 48 hours.
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Immunohistochemistry: Figure 7 shows representative histological kidney sections
stained for CD8+ T-cells in BH-treated RCC, contralateral RCC in the same animal, and
sham-treated RCC. Very few infiltrating CD8+ T-cells were seen in sham-treated RCCs and
the surrounding kidney parenchyma. Conversely, enhanced CD-8+ T-cell infiltration was
observed in BH-treated tumor, including the fractionated and intact portions, as well as
adjacent normal parenchyma. Interestingly, increased CD8+ T-cell infiltration was also
observed in the contralateral kidneys of BH-treated rats vs. sham-treated rats, albeit to a
lesser extent. These observations were consistently observed in all BH-treated animals (but
not sham control animals) at 48 hour post-treatment.

No appreciable differences were observed between BH or sham treatment in the IHC tissue
sections stained for M1 and M2 macrophages (F4/80 and CD163 respectively) or CD4+ T-
cells. Little to no positive staining was observed in any of the IHC sections stained for
dendritic cells (CD11c), FoxP3 and neutrophils (MPO) (Supplementary Figure3).

Discussion

We investigated the feasibility of non-invasive BH mechanical ablation of RCC and the
resulting acute immune response to treatment in the Eker rat model. BH treatment was
successful in all animals, producing the expected precise homogenization of targeted tumor
and renal parenchyma. Importantly, BH ablation was associated with measurable changes in
the immune system immediately after and for up to 48 hours following treatment.
Specifically, we observed near immediate, transient release of the DAMP/alarmin HMGB-1
into the plasma, which appeared to trigger an inflammatory cascade, as evidenced by the
measured alterations in the plasma and intra-renal cytokine milieu (Klune et al. 2008).
Further, BH treatment was associated with increased infiltration of CD-8+ T-cells into not
only the BH-treated RCC but also contralateral untreated RCC at 48 hours post-treatment,
indicating the initiation of systemic adaptive immune response.

BH treatment was generally well tolerated in all subjects up to 48 hours, and did not require
analgesia beyond the 24-hour time point. These observations are encouraging and hint at the
safety and tolerability of developing BH into a non-invasive, potentially outpatient,
procedure for RCC. Further larger animal preclinical studies are needed to confirm these
findings. While BH was well-tolerated, we did observe minor bleeding complications (N=1
each: perinephric hematoma and hematuria) in this small animal model. While this will
require further evaluation in larger animal models, we anticipate that the risk of bleeding
will be reduced in larger animals and humans due to the larger caliber of renal blood vessels
(>100 um). Previously, we have shown such vessels to be very resistant to BH-induced
mechanical damage, and that disrupted smaller capillaries clotted before they could cause
extensive bleeding (Khokhlova et al. 2014, Khokhlova et al. 2016). Another important
concern in any ablative treatment is whether incomplete ablation may cause enhanced
proliferation of residual tumor cells as has been observed in incompletely thermally ablated
Renca tumors in mice within hours (Kroeze et al 2012). Ki67 staining results in this study
indicated that BH ablation did not enhance the proliferation of remaining Eker RCC tissue
within 48 hours post-treatment. Conversely, benign renal parenchyma highly expressed
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Ki-67 in a narrow rim adjacent to the BH cavity, consistent with proliferation of endogenous
epithelial cells involved in tissue repair after renal injury (Humphreys et al. 2008).

It has been previously suggested by preclinical and clinical studies that mechanical
disruption of tumor by FUS (Huang et al. 2012, Xing et al. 2008) may enhance systemic
anti-tumor immune responses and cause anti-tumor effects in distant sites. The current
understanding of the mechanism of this response is that pro-inflammatory cytokine milieu
induced by the treatment promotes the recruitment of antigen-presenting cells (dendritic
cells and macrophages) to the treated tumor site. The availability of previously unexposed,
un-denatured intracellular tumor antigens at the treated site leads to antigen uptake and
maturation of the antigen-presenting cells. Subsequent cross-presentation to naive CD8+
cytotoxic T-cells in the lymph nodes causes their activation, proliferation and infiltration of
the distant tumor sites. In the present study, we examined the short-term (up to 48 hours)
dynamics of the cytokine milieu following tumor liquefaction by BH and the populations of
tumor-infiltrating white blood cells at the 48-hour time point. While these measurements did
not directly confirm all aspects of the immune response mechanism (e.g. we did not aim to
identify specific tumor antigens responsible for T cell activation, nor did we document the
process of cross-presentation), they did provide evidence for BH-triggered systemic innate
and adaptive immune responses, as well as the evaluation of temporal dynamics of these
responses.

At the systemic level, the cytokine milieu was characteristic of sterile inflammation reported
following trauma (Chan et al. 2012). In particular, we observed a transient increase in
circulating HMGB1 immediately post BH, which subsided within 48 hours. Similar trends
have previously been reported in humans after blunt trauma not requiring admission to ICU
(Giannoudis et al. 2010), but not after more severe trauma causing shock, in which case
there is a transient peak within a few hours followed by elevated HMGBL1 levels for
prolonged periods (Peltz et al. 2009). HMGBL is an alarmin present in nearly all cells that is
passively secreted by necrotic or damaged cells and is actively secreted by monocytes,
neutrophils and macrophages triggering the inflammatory cascade (Lotze et al. 2007). The
immediate elevation of circulating HMGB-1 level post BH treatment suggests that this
release is likely due to passive leakage from the fractionated tumor cell debris rather than
active release by leukocytes — the mechanism that has been hypothesized in trauma patients
(Peltz et al. 2009). In cancer, this passive release of HMGB1 from dying cancer cells
following chemotherapy or radiotherapy was previously reported to potentiate TLR-4
expression in dendritic cells and consequently efficient processing and cross-presentation of
antigens, and enhancement of effector immune response (Apetoh et al. 2007, Hato et al.
2014). Thus, it is encouraging that following BH a trend towards increased circulating
HMGB1 was observed, although not reaching statistical significance most probably due to a
limited sample size, and warrants further investigation of this effect within a larger cohort.
The increased levels of other proinflammatory cytokines — TNF and IL-6 — were consistent
with the known ability of HMGB-1 to amplify the production and secretion of
proinflammatory mediators by monocytes (Andersson et al. 2000), and were sustained up to
the 48-hour time point. At the same time, the levels of IL-10, which is a key anti-
inflammatory cytokine were steadily increasing over the 48-hour time, indicating a shift
towards inhibition of the systemic inflammatory processes.
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Locally, the concentrations of both pro-inflammatory (TNF, IL-6 and IL-8) and anti-
inflammatory (IL-10 and IL-13) cytokines in the BH-treated kidneys were increased
compared to sham-treated control kidneys, suggesting the shifting balance between the
inflammation and regulation processes. Interestingly, the levels of IFN-+y, which is primarily
secreted by Th1 cells and stimulates cellular (as opposed to humoral) immunity, are
significantly reduced in the BH-treated kidney. High levels of IFN-y have been previously
reported to contribute to acute and chronic kidney injury, and the suppression of IFN-y in
this context suggests that the inhibition processes may be ramped up to protect renal
parenchymal tissue (Chung et al. 2011). Whether this regulation is only transient or chronic
remains to be seen in experiments with more distant time points. Another important note is
that the renal tissue cores were taken adjacent to, but not immediately from the BH-liquefied
areas or control tumors. The cytokine levels in these benign kidney tissues may therefore not
be immediately representative of the tumor or tumor lysate. In fact, the suppressed levels of
IFN-vy in benign parenchyma may indicate that the IFN-vy -producing T-cells are
preferentially recruited to the BH-treated tumor site.

In addition to investigating the cytokine milieu, we evaluated the immune infiltration of
RCCs and benign kidney parenchyma by antigen-presenting cells — macrophages and
dendritic cells —and T cells, both cytotoxic and regulatory, at the 48-hour time point. The
major finding was enhanced infiltration of the CD8+ lymphocytes of not only BH-treated,
but also contralateral RCC compared to sham-treated tumors. Conversely, no difference was
observed in infiltration of dendritic cells or macrophages (both M1 and M2) between BH-
treated and sham-treated kidneys. Taken together with the cytokine data above these findings
suggest that by the 48-hour time point the course of processing of BH released tumor
antigen and maturation of dendritic cells, T cell priming in the lymph nodes, and their
subsequent migration to the tumor site may have already occurred. Indeed, the release of
HMGB-1 that activates antigen-presenting cells was immediate and transient, and enhanced
release of TNF and IL-6 secreted mostly by activated macrophages occurred within hours
post treatment. This timeline is consistent with observations in other studies using
mechanical fractionation of subcutaneously grafted tumors in mice by FUS or cryoablation
(den Brok et al. 2006, Huang et al. 2012, Xing et al. 2008, Hoogenboom et al. 2015). In
those studies tumor-infiltrating lymphocytes were not examined, but the increase in the
number of activated, tumor antigen-specific dendritic cells in the draining lymph nodes was
observed within 1-3 days following ablation. Similarly, in a study of molecular changes in
healthy rat cardiac tissue following milder mechanical disruption by pulsed FUS (Jang et al.
2017), infiltrating macrophages and neutrophils were observed within the myocardium 24
hours post treatment, but were undetectable by 48 hours.

Multiple limitations of our study provide motivation for future experiments. First, the small
number of animals per group limited the findings of statistically significant alterations in
some of the outcome measures, although it did appear to capture trends and the overall
dynamics of the immune response. Further studies with larger cohorts are required (and are
currently underway) to rigorously describe the phenotype and activation status of the
infiltrating T cells and antigen-presenting cells and to evaluate the immune response at more
distant time points. In considering the clinical translation of this research, important
limitations are the anatomic and physiological differences between our rat model system and
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human patients. As mentioned above, we anticipate the difference in size between rat and
human to be closely related to the acute safety outcomes of BH treatment, primarily in the
incidence of bleeds and hematoma formation. Further, the accuracy of small animal tumor
models in mimicking human disease has come under scrutiny in the past decade (Takao et al.
2015, Seok et al. 2013, lannaccone and Jacob 2009), with particular focus on the use of
rapidly growing subcutaneously grafted mouse tumor models which are not always
representative of the tumor defense mechanisms and resulting immune tolerance. Thus, a
strength of this work is the use of the Eker rat model, in which rats have an intact immune
system and develop slowly growing bilateral RCCs with similar biology and behavior to
small human RCC (Liu et al. 2003, Habib et al. 2011, Kenerson et al. 2002). Additionally,
because the tumors are de novo, their blood supply and tumor microenvironment is more
similar to human disease. However, even with these factors in mind, care must be taken
when extrapolating characteristics of the systemic and local immune responses to BH
treatment of Eker rat RCC to humans.

CONCLUSIONS

Non-invasive BH-induced fractionation of de novo RCC was feasible and well tolerated in
the Eker rat model. BH-induced activation of immune responses within 48 hours suggest
that both inflammatory and regulatory cascades are triggered systemically and locally in
adjacent renal tissues, reminiscent of the acute inflammatory/immunological responses
observed in trauma. The enhanced infiltration of both treated and contralateral RCCs by
CD8+ T cells and transient release of pro-inflammatory cytokines at both local and systemic
level suggests activation of systemic anti-tumor immune response(s), which warrants further
investigation of BH in the context of enhancing anti-tumor immunity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
(a) Schematic diagram of the experimental setup for ultrasound-guided boiling histotripsy

(BH) ablation of renal tumors in Eker rats. (b) An example of B-mode ultrasound image
during BH treatment. The position of the focused ultrasound (FUS) transducer focus is
indicated on the screen as a yellow cross; the FUS beam is incident from the top of the
image (dashed green lines). The transient elongated hyperechoic region (white arrowhead)
that appears after each BH pulse corresponds to highly reflective vapor bubbles. (c) Timeline
of the experimental procedures.
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Figure 2.
A representative set of high resolution ultrasound images of the rat RCC before (a) and a

few minutes after (b) BH treatment. The white arrowheads indicate the area of
hypoechogenicity post treatment.
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Figure 3.
(a) Gross view of RCC (T) from sham (left) and BH-treated subjects at 1 hour (center) and

48 hours (right) time points. (b) Representative histological appearance of a sham-treated
renal tumor (T) and adjacent kidney cortex (C). (c) Histological appearance of the BH-
treated tumor at 1 hour time point reveals a sharp boundary between homogenized (BH) and
intact tumor (T). (d) Histological appearance of BH-treated tumor at 48 hour time point.
Acute inflammatory infiltrate is apparent on higher magnification (inset, arrowheads).
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Figure 4.
IHC sections of kidneys stained for proliferation marker Ki67 (brown stain) at 48 hour time

point. (a) The border between BH-treated lesion (BH), benign renal cortex (C) and tumor
(T). Enhanced nuclear staining indicating proliferation in a narrow rim around the BH cavity
in benign cortex, but not in tumor tissue. (b) A distant, untreated tumor in the same kidney
as (a) with surrounding cortex showing the lack of staining in the tumor. (c) Sham-treated
tumor showing the background level of staining.
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Dynamics of circulating plasma cytokines over the course of 48 hours post BH (purple bars)
and sham (grey bars) treatment (n=4/group). Error bars represent standard error. All levels

are normalized to the pre-treatment level (“Pre”). * p<0.05
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Figure 6.

Intrarenal cytokine levels in the kidneys of BH-treated (purple bars) and sham-treated (light
grey) subjects. The error bars represent standard error. P values are listed separately for
treated and contralateral kidneys vs sham treated controls (n=4/group). TX — treated kidney,
CL - contralateral kidney.
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Figure7.
IHC staining for CD8+ cells (brown stain) reveal enhanced infiltration of CD8+ cells in both

BH-treated (@) and contralateral (b) tumors, but not in sham-treated tumors (c) at 48 hour
time point.
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