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Abstract

Non-ablative pulsed focused ultrasound (pFUS) targets non-thermal forces that activate local 

molecular and cellular immune responses. Optimal parameters to stimulate immunotherapeutic 

anti-tumor microenvironments (TME) and responses in different tumor types remain 

uninvestigated. Flank B16 murine melanoma and 4T1 breast tumors received 1 MHz pFUS at 1–

8MPa peak negative pressure (PNP) and analyzed 24hr post-sonication. Necrosis or hemorrhage 

were unaltered in both tumors, but pFUS induced DNA strand breaks in tumor cells at PNP 

≥6MPa. pFUS at >4MPa suppressed anti-inflammatory cytokines in B16 tumors. pFUS to 4T1 

tumors decreased anti-inflammatory cytokines and increased pro-inflammatory cytokines and cell 

adhesion molecules. pFUS at 6MPa increased calreticulin and alterations check-point proteins 

along with tumoral and splenic immune cell changes that could be consistent with a shift towards 

an anti-tumor TME. pFUS-induced TME alterations shows promise in generating anti-tumor 

immune responses, but non-uniform responses between tumor types require additional 

investigation to assess pFUS as a suitable anti-tumor therapy.
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INTRODUCTION

The tumor microenvironment (TME) consists of cancer cells, stem cells, immune cells, 

stromal cells, vasculature, and extracellular matrix (ECM) that respond to local molecular 

*To whom correspondence may be addressed. biomer@umich.edu; jfrank@nih.gov. 

The authors have no conflict of interests and nothing to declare.

HHS Public Access
Author manuscript
Ultrasound Med Biol. Author manuscript; available in PMC 2020 August 30.

Published in final edited form as:
Ultrasound Med Biol. 2019 December ; 45(12): 3232–3245. doi:10.1016/j.ultrasmedbio.2019.08.014.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cues to stimulate cell proliferation, anti-apoptotic signaling, and metastatic spread to other 

organs (Junttila and de Sauvage 2013). The interrelationship between malignant cells and the 

immune system arises from cell-cell interactions and the production of cytokines, 

chemokines and trophic factors (CCTF) that favor either anti-tumor or immunosuppressive 

(i.e., tolerance) conditions within the TME (Lee and Margolin 2011, Makkouk and Weiner 

2015). These interactions and chemotaxis of immune cell tropism is dependent upon CCTF, 

cell adhesion molecules (CAM) and damaged associated molecular patterns (DAMP) by 

cellular elements (i.e., tumors, stromal cells and endothelium) in response to therapeutic 

intervention (Balkwill 2004, Nagarsheth, et al. 2017). Various CCTF act as intra-tumoral 

immunosuppressants and directly affect recruitment and differentiation of T regulator cells 

(Treg), myeloid-derived suppressor cells (MDSC), and tumor associated macrophage 

(TAM). They include transforming growth factor beta (TGFb), interleukins (IL) 4, 10, 13, 

and vascular endothelial growth factor (VEGF) (Zou 2005). The ability to shift the TME 

towards an anti-tumor immune environment by decreasing TGFb, IL-10 expression, or 

increasing DAMPS along with IL1a, IL1b, IL2, IL17, tumor necrosis factor alpha (TNFa), 

interferon gamma-induced protein 10 (IP10) and interferon gamma (INFg) can lead to 

infiltration by cytotoxic T cells (Tcyt), T helper cells (Th), dendritic cells (DC), and natural 

killer cells (NK) that potentiate cytotoxic immune responses (Barker, et al. 2015, Taylor, et 

al. 2006).

Cellular and biological immunotherapies are being investigated to treat solid tumor 

malignancies in preclinical models or clinically as part of strategy to enhance antitumor 

immune responses within the TME (Khalil, et al. 2016). These approaches may not be 

effective primarily due to the immunosuppressive TME and may require the addition of 

exogenous such as radiation therapy, radiofrequency ablation, or high intensity focused 

ultrasound (HIFU) targeted to tumors which could aid in a more robust therapeutic response. 

(Chew, et al. 2012). The ability to change the TME from an immunosuppressive to 

cytotoxic, immune anti-tumor environment could impact tumor progression (Whiteside 

2008).

Image guided High Intensity Focused Ultrasound (HIFU) is a noninvasive approach used to 

ablate tumors in patients that may not be eligible for surgical debulking or as a palliative 

pain treatment (Webb, et al. 2011) (Khokhlova and Hwang 2016). The cellular debris 

following ablative HIFU has been shown to prime the immune system when used alone or in 

combination with checkpoint inhibitors and result in an abscopal effect on distant tumors 

(Silvestrini, et al. 2017). HIFU can induce rapid temperature elevation and protein 

denaturation within tissues (Hu, et al. 2005, Kim, et al. 2008) and variants of this approach 

such as boiling histotripsy can vaporize targeted areas stimulating the release of cellular 

debris and microRNA into the circulation (Chevillet, et al. 2017, Hoogenboom, et al. 2015). 

HIFU thermal ablation has been shown to induce antitumor immune responses with higher 

numbers of infiltrating Tcyt, Th, NK cells, proinflammatory macrophages (M1), and DC in 

the targeted tissues along with release of heat shock proteins (Unga and Hashida 2014, Xu, 

et al. 2009). In comparison, pFUS techniques that impart primarily mechanical forces to 

tissues without significant heating. pFUS can alter the integrity of cellular membranes have 

received limited investigation regarding their potential to induce inflammatory responses 

within tumors. A potential clinical strategy for utilizing nonthermal pFUS would be to limit 
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the amount of cellular damage while stimulating an immune response in metastatic disease 

that would be surrounded by normal tissues.

It has been reported that pFUS to targeted tissues can induce changes in the tissue 

microenvironment with increased expression of CCTF and CAM that can last for 24-48 hr 

post-sonication with a total US pressure deposition of 1 second (Burks, et al. 2011, Jang, et 

al. 2017, Kovacs, et al. 2017, Nguyen, et al. 2015). Image guided pFUS coupled with or 

without infusion of US microbubble (MB) contrast agent to muscle, heart, and brain has 

resulted in enhanced stem and immune cell homing to targeted tissues (Alkins, et al. 2013, 

Burgess, et al. 2011, Burks, et al. 2018, Burks, et al. 2015, Ghanem, et al. 2009, Kovacs, et 

al. 2017, Kovacs, et al. 2018, Tebebi, et al. 2017, Zen, et al. 2006, Zhong, et al. 2012). Using 

pFUS to maximize CCTF and CAM alterations in TME that would modulate 

immunotherapeutic responses have not been thoroughly investigated in different tumors or 

compared between malignancies of differing cellular origins. In this study, we treated the 

B16 murine melanoma and 4T1 breast cancer flank tumors with pFUS at 1 MHz over a 

range of peak negative pressures (PNP) and investigated the effects of sonication on the 

acute changes in CCTF, CAM, DNA damage and immune cells infiltration in the TME 

within 24 hours.

MATERIAL AND METHODS

Animals

All animal studies were approved by the Animal Care and Use Committee of the Clinical 

Center and the procedures were performed according to National Research Council’s Guide 

for the Care and Use of Laboratory (2011). Female C57BL/6 (n=48) and BALB/C (n=48) 

mice (6-8 weeks old) were purchased from Charles River (Wilmington, MA) and were 

housed with free access of food and water. Twenty-four hours prior to tumor inoculation or 

pFUS treatment, hair on both legs was removed with depilatory cream.

Cell Culture

B16, melanoma cells (ATCC, Manassas, VA) were cultured in T-175 flasks using DMEM 

(Gibco, Life Technologies, Grand Island, NY) supplemented with 10% fetal bovine serum 

(FBS), 1% Pen Strep (Penicillin Streptomycin, Gibco, Life Technologies, Grand Island, 

NY). Murine 4T1 breast cancer cells (ATCC, Manassas, VA) were cultured in T-175 flasks 

in RPMI 1640 (Gibco, Life Technologies, Grand Island, NY) with the same supplements. 

The cells were maintained at 37°C, 5% CO2, and 95% relative humidity. The medium was 

changed every other day and the cells were passaged at 75-90% confluency using TyrpLE 

Express Enzyme (Gibco, Live Technologies, Grand Island, NY).

Tumor Models

The tumor cells (B16 or 4T1) were harvested from flasks, washed with PBS in the flasks and 

passaged with 3 mL of TyrpLE and incubated in the incubator for 3-5 min. Afterwards 10 

mL of total medium was added to inhibit enzymatic activity and transfer cells from the flask 

to 15 mL of conical tube. The cells were centrifuged at 1500 rpm for 5 min to collect the 

cells. 500,000 cells in 100 μL of Dulbecco’s phosphate-buffered saline were subcutaneously 
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inoculated to both flanks of each mouse under anesthesia with 1.5-3% isoflurane in 100% 

O2. The health of mice was monitored daily, and the size of tumor was measured externally 

using digital calipers. Total number of female mice used for this study is n=96. Sample sizes 

were 5 bilateral-tumor-bearing mice (10 tumors and 5 spleens)/PNP and an identically sized 

control (PNP=0MPa). pFUS at PNP=6MPa was performed in an additional 5 bilateral-

tumor-bearing mice per tumor type (B16 and 4T1) for flow cytometric analysis (FACS) and 

histology unless otherwise noted. In some cases, there was insufficient tissue to perform 

following appropriate processing for FAC analysis.

pFUS Treatment

pFUS was administered with a VIFU 2000 (Alpinion Medical Systems, Bothell, WA, 

www.alpinionusa.com) under ultrasound imaging guidance with an e-Cube 12 (Alpinion) in 

degassed water at 37 °C. pFUS exposures utilized a 1.15 MHz single-element transducer 

(8.5 cm in diameter) with a 1.0 mm focal diameter and 7 mm focal depth (3 dB cutoff) using 

the following peak rarefaction amplitudes of 1, 2, 4, 6, or 8 MPa which corresponded to 

acoustic powers of 4.6, 9.2, 18.5, 27.7, and 37.0 W, respectively. Sonications used a pulse 

repetition frequency of 10 Hz with 10 msec US bursts (duty cycle = 10%). Each treatment 

point received 100 pulses. For treatment planning, the entire tumor was treated using 

elemental spacing of 2 mm between points. Once the tumor size reached to ~8mm in 

diameter (~7-10 days) mice were sonicated at the indicated PNP. Mice bearing control 

tumors received sham pFUS treatments (transducer power = 0 W).

Tissue Harvesting

Twenty-four hours post-pFUS, tumors were harvested for histology, proteomic, and flow 

cytometric analyses. Mice being euthanized for histological evaluation were perfused 

through the left ventricle with 10% formalin and harvested tumors were submerged in excess 

formalin for an additional 24 hours before processing. Tumors for proteomic and flow 

cytometric analyses were harvested from mice that did not receive vascular perfusion. 

Tumors for proteomic analyses were frozen in liquid N2 and stored at −80 °C until further 

use. Tumors for flow cytometric analyses (FACS) were processed under aseptic conditions. 

Tumors were minced and enzymatically digested for 60 min in a solution of PBS containing 

2% fetal bovine serum, 1% Pen Strep, 1% collagenase at 37°C. Following digestions tumors 

were mechanically agitated and passed through a 70-μm filter and fixed for 15 min using a 

solution of 4% paraformaldehyde. Cells were then stored at 4 °C in PBS until flow 

cytometry. Spleens for FACS were also processed aseptically, where samples were minced, 

mashed between two frosted glass slides and passed through 70 μm strainers to obtain single 

cell suspension. Cells were then washed in PBS, fixed using 4% formaldehyde, and stored at 

4 °C in PBS until flow cytometry analysis.

Histological Analyses

Tissue was embedded in paraffin, sectioned at a thickness of 5 μm, and mounted onto 

positively-charged slides. Slides were baked in 65 °C for 1 h and paraffin was removed in 

xylene. Tissue was rehydrated in graded ethanol and rinsed with distilled water before 

staining with hematoxylin for 4 min. After thorough washing with tap water, slides were 

treated with bluing agent for 4 min and washed again in tap water for 1 min. Slides were 
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rinsed in 95% ethanol and counterstained in eosin solution for 3 min. Slides were dehydrated 

through graded ethanol, cleared in xylenes, and cover-slipped with Permount (ThermoFisher 

Scientific, Houston, TX). Three representative sections from each tumor sonicated at the 

various PNP and control were evaluated qualitatively for hemorrhage and necrosis.

DNA Damage Assay

B16 and 4T1 control (0 MPa), 1 MPa, 2 MPa, 4 MPa, 6 MPa, 8 MPa: Cells fixed for flow 

cytometry were used in a terminal UTP end-nick ligase (TUNEL) assay to investigate 

relative cell death response to various treatment pressures (Roche Applied Science, 

Indianapolis, IN). Cells from 6 tumors (n=3 mice/tumor type) in each treatment group were 

used. Fixed cells were permeabilized with 0.1% Tritonx-100 in PBS, then incubated with the 

fluorescein-based TUNEL reaction mixture for 1 h at room temperature. Cells were washed 

with PBS to remove excess fluorophore. 4’,6-diamidino-2-phenylindole (DAPI, Life 

Technologies, Carlsbad Ca) was applied for 5 min at a concentration of 1 μg/uL in PBS, and 

cells were again washed in PBS and transferred into a 96 well plate. Fluorescence intensity 

of fluorescein (λex: 488 nm and λem: 515 nm) and DAPI (λex: 358 nm and λem: 461 nm) 

were measured using a SpectraMax M5 plate reader (Molecular Devices, San Jose, CA). 

Fluorescein fluorescence intensity was then used to normalize the cell concentration in each 

well (determined using the Cellometer AutoT4 (Nexcelom Bioscience, Lawrence, MA).

DNA damage in cells was also qualitatively assessed histologically using the same 

fluorescein-based in situ cell death TUNEL detection kit (Roche, Mannheim, Germany). 

Histological paraffin sections were permeabilized using 0.1% Tritonx-100 in PBS and 

incubated with 100 μL of TUNEL for 1 h at 37 °C. The samples were washed in PBS to 

remove excess unbounding reactants and coverslips were mounted using Prolong Gold 

antifade reagent with DAPI (Life Technologies). Five-micrometer sections were imaged with 

an Aperio ScanScope (Leica Biosystem, Vista, Ca) for the presence of fluorescein-positive 

nuclei using identical exposure times across tissues. Three sections of each tumor type from 

n=3 mice per group were qualitatively analyzed to assess patterns of DNA damage.

Proteomic Analyses

Tumor samples were homogenized in cell lysis buffer (PBS + 0.5% Tween-20) containing 

protease inhibitor cocktail (Roche, Mannheim, Germany) at 4 °C using 1.0 mm Zirconia 

Beads (Biospect, Bartlesville, OK) using a Mini-bead Beater (Biospect, Bartlesville, OK). 

Samples were centrifuged twice at 15,000 rpm for 20 min at 4 °C. The supernatant from the 

second centrifugation used for analysis. Total protein content of each sample was 

determined using a bicinchoninic acid assay following to manufacturer’s protocol. 

(Pierce™, Thermo Scientific, Rockford, IL). Cytokine levels for pFUS-treated and untreated 

tumor were measured using a 32-plex Mouse Cytokine Chemokine Magnetic Bead Panel 

(MCYTMAG-70-PX32, MILLIPLEX® MAP Kit, Merk Millipore, Lexington, MA) with 

Bio-Plex 200 System (Bio-Rad, Hercules, California). The assay was performed according 

to manufacturer’s protocols with each sample at a protein concentration of 2 mg/ml.

The same homogenates were also analyzed by enzyme-linked immunosorbent assays 

(ELISA) for the following protein levels: intracellular adhesion molecule-1 (ICAM-1), 
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vascular cell adhesion molecule (VCAM), cyclooxygenase-2 (COX2), TGFb, and TNFa (all 

from R&D Systems, Minneapolis, MN). All ELISA were performed according to the 

manufacturers’ protocols using a total protein concentration of 2 mg/mL and were read on a 

spectrophotometric plate reader (Spectra Max M5, Molecular Devices, Sunnyvale, CA).

Flow Cytometry Analysis (FACS)

Due to fixation, live/dead analyses on cells were not performed. For immunostaining, 1 

million cells from spleen, or tumor samples were initially treated with Fc-Receptor blocking 

antibody (purified anti-mouse CD16/32 antibody, BioLegend, San Diego, USA) in antibody 

staining buffer (0.5% BSA, 2 mM EDTA, 1X PBS) for 10 min at 4°C, to reduce non-specific 

immunofluorescent staining. Samples were then stained for 45 min on ice, with the 

following fluorescently-labelled antibodies (Biolegend, San Diego, USA) in antibody 

staining buffer: FITC anti-mouse CD3 (clone 17A2), FITC anti-mouse F4/80 (clone BM8), 

FITC anti-mouse CD45 (clone 30-F11), PE anti-mouse CD25 (clone PC61), PE anti-mouse 

CD8a (clone 53-6.7), PE anti-mouse CD206 (clone C068C2), PE anti-mouse CD19 (clone 

1D3/CD19), PE anti-mouse CD11c (clone N418), PE anti-mouse CD11b (clone M1/70), 

(clone 10F.9G2), APC anti-mouse CD4 (clone RM4-5), APC anti-mouse CD86 (clone 

GL-1), APC anti-mouse Ly-6G/Ly-6C (Gr-1) (clone RB6-8C5), APC anti-mouse CD152 

(clone UC10-4B9), Alexa Fluor® 647 anti-mouse CD335 (NKp46) (clone 29A1.4), and 

Alexa Fluor® 647 anti-mouse CD279 (PD-1) (clone 29F.1A12). Matched fluorescently-

labelled isotype controls for the above antibodies were used. Following staining, the cells 

were washed with PBS, resuspended in 200 μl PBS, and loaded on to V-shaped 96 well 

plates for flow cytometric analysis. Flow cytometry data was collected following 

manufacturer’s instructions on a BD Accuri™ C6 Cytometer equipped with BD Accuri™ C-

Sampler (BD Biosciences, San Jose, USA). 10,000 events were acquired from each sample. 

Flow cytometry data was processed using FlowJo (FlowJo LLC, Oregon, USA) software, 

and statistical analysis was performed using GraphPad Prism (La Jolla, CA, USA).

Data Processing

All data are presented as mean ± standard deviation with Prism 7, GraphPad Software, Inc. 

(La Jolla, Ca). One-way analysis of variance (ANOVA) was used for multiple comparisons. 

Unpaired non-parametric t-tests with Mann-Whitney tests was used for comparison for each 

cell type measured by flow cytometry.

RESULTS

This study examined the acute effects of molecular, histological, and immune cell changes 

following pFUS at different peak negative pressures in implanted murine B16 melanoma and 

4T1 breast cancer tumor models at 24 hr post-sonication. Changes in immune cell 

populations were also investigated in spleens at 24 hr following pFUS to tumors.

Histological Analysis of Tumors following pFUS

Ultrasound-guided pFUS was administered to B16 and 4T1 flank tumors over the entirety of 

the tumors at different PNP. Twenty-four hours post pFUS, animals (n=3/tumor type at 

pFUS PNP) were euthanized, and tumors were harvested for histological examination and 
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assessed for DNA damage by TUNEL staining. On gross pathology, there were clear 

differences between the two tumors types; B16 tumors were soft and pliable in consistency, 

whereas 4T1 tumors were firm and encapsulated. There were no differences between 

controls and sonicated masses. H&E demonstrated heterogenous cytoarchitecture 

independent on pFUS PNP used to treat both tumor types when compared to controls. Figure 

1 contains examples of H&E sections from the B16 and 4T1 that received pFUS at 6 MPa 

versus control tumors. There was no consistent pattern of increased hemorrhage or necrosis 

in either tumor type treated with pFUS over the range of PNPs (1 to 8 MPa) when compared 

to controls. There was no evidence of thermal injury in B16 or 4T1 tumors sonicated at PNP 

of 1-8MPa.

Quantitative analysis of TUNEL in the B16 and 4T1 tumors revealed a significant increase 

(ANOVA, p<0.05 with multiple comparison) in the relative positive nuclei at 6 and 8 MPa 

compared to control and the other sonicated tumors (Figure 2). Examining the representative 

TUNEL images for both sonicated and controls tumor groups, the areas of positive cells 

were primarily located surrounding areas of necrosis in each tumor type. These results 

would suggest that pFUS PNP ≤4 MPa results in changes in tumors without substantial 

differences in the amounts of TUNEL-positive cells, whereas PNP ≥6 MPa pressures 

generate was significant differences (p<0.05 ANOVA) in the amount of DNA damage 

between sonicated and control tumors.

Proteomic Responses of Tumors to pFUS

The proteomic response over the range of pFUS PNP in tumors of similar sizes differed for 

each tumor type and consisted of increased expression of pro-inflammatory (anti-tumor) 

factors and decreased expression of anti-inflammatory (immunosuppressive) factors. Figure 

3 shows the raw data from single and multiplex ELISAs and heat map representing fold 

changes compared to control tumors (0MPa) for the B16 melanoma. Significantly decreased 

expression (p<0.05 ANOVA) of IL10 and TGFb were detected post-pFUS at PNP ≥2 MPa. 

In addition, IL12p40 was significantly decreased (p<0.05 ANOVA) starting at 1 MPa 

through 6 MPa and IL12p70, the second part of the heterodimer, was significantly decreased 

at 6 and 8 MPa. Increased ICAM was observed at 2 and 4 MPa. In this study, TNFa and 

IFNg were not detected in the control or sonicated B16 tumors at any PNP.

In comparison, sonicating 4T1 tumors responded to increasing PNP pFUS with greater 

CCTF and CAM changes compared to sham controls with increasing PNP (Figure 4). 

Increases in IL 1a, IL1b, and TNFa were detected between peak negative pressure (PNP) of 

4-8 MPa but were not always significant. The significant increase (p<0.05 ANOVA) in IL17 

from 2-8 MPa would also support a proinflammatory TME in response to pFUS at 

increasing PNP. Although IFNg was not found to be significantly different from control the 

chemokine interferon gamma-induced protein 10 (IP 10 or CXCL10) was elevated from 2-8 

MPa which is secreted in response to IFNg by various cell populations within breast cancer 

(Jin, et al. 2017, Taslimi, et al. 2016). There were also elevations in ICAM detected in 4T1 

tumors between 2-6 MPa. RANTES was also significantly elevated at 2, 4, and 8 MPa but 

demonstrated inconsistent response to pFUS. Moreover, TGFb was significantly decreased 

(p<0.05 ANOVA) between PNP of 4-8 MPa compared to controls. Overall, while the 
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changes in CCTF and CAM did not linearly correlate with increasing of PNP, pFUS to the 

4T1 tumors tended to support an anti-tumor microenvironment. Differential proteomic 

responses to pFUS occurred between the B16 melanoma and 4T1 breast cancer most likely 

arises from differences in the TME. More importantly the decreased expression in TGFb 

following pFUS at PNP between 4-8 MPa was observed in both tumor types compared to 

sham controls. Sonicating the tumors at PNP ≥ 4 MPa with pFUS shifted the balance from a 

tumor immunosuppressive towards an anti-tumor immunity microenvironment based on the 

changes in expression of CCTF (i.e., IL10, TGFb, IL 1, IL17, IP10) and ICAM.

Flow Cytometric Analysis

The quantitative TUNEL fluorescence results at 6 MPa demonstrated increased DNA 

damage in tumors which could be associated with release of damage associated molecular 

patterns (DAMPS) and generate chemoattractants for immune cell tropism. Based on this 

finding along with the decrease in TGFb in the tumors, we decided to evaluate the immune 

cell populations from the tumors and spleen at 24 hr post sonication. Tumors and spleens 

were harvested 24 hr post-pFUS and FACS analysis performed (Figure 5, supplemental 

Figure 1, supplemental Table 1) for immune cell surface markers. The percentage of each 

cell type per 10,000 counts after excluding side-scatter events were determined.

For B16 melanoma (n=5 mice, i.e., 10 tumors) sonicated at 6 MPa only demonstrated 

decreased myeloid suppressive cells (MDSC) (p=0.0022) following pFUS. However, the 

effect of sonicating the B16 melanoma at 6 MPa resulted in numerous differences in 

immune cell populations in the spleen. Th (p=0.0079), Tcyt (p=0.0079), total macrophages 

(F4/80+; p=0.0159), M1 (p=0.0317) and M2 (p= 0.0397) macrophages, and DC (p= 0.0317) 

were all significantly elevated, while NK cells (p=0.0079) were significantly decreased in 

the spleen following pFUS at 6 MPa to the tumor. In comparison, 4T1 tumors (n=5 mice, 

i.e., 10 tumors) treated at 6 MPa, significant decreases (p<0.02 unpaired T-test) were 

detected in Treg, total macrophages (F4/80+), M1 and anti-inflammatory M2 macrophages, 

and MDSC at 24 hr post-pFUS. There were no significant differences in Th, Tcyt, NK cells 

or DC in the 4T1 tumor. FACS of the splenic cell population revealed significant increases in 

MDSC, DC, and Tcyt (all with p=0.02). It is possible that the effects of sonicating the tumor 

directly altered the splenic microenvironment. However, tumor debris and DAMP could 

enter the circulation and stimulate immune cell proliferation or transmigration from the 

spleen. The response to pFUS at 6 MPa did not result in an influx of immune cell 

populations by 24 hr into both tumor types, which may reflect a time delay between 

sonication and mobilization of these cells in response to the proteomic changes in the TME.

FACS analysis for calreticulin (Cal) in the isolated B16 tumor cells sonicated at 6MPa 

revealed a significant (p=0.0027) albeit small increase compared to control tumors in the 

surface expression (Figure 6A). pFUS at 6 MPa did not result in differences in PD1 or 

CTLA4 on B16 tumor cells. In comparison, pFUS at 6MPa in 4T1 tumors (Figure 6B) did 

result in significant decreases in PD1 (p= 0.042) with non-significant trends for decreased 

CTLA4 (p=0.051) and increased calreticulin (p=0.054) at 24 hr post sonication. These 

results suggest that pFUS can alter expression of surface proteins that can have an influence 
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in the suppression of phagocytic cells or stimulate these cells to engulf cancer cells within 

the flank tumors.

DISCUSSION

pFUS mechanotransductive effects in tumors have received little attention in part because 

this approach is not aimed at ablative treatment. The thermal effects of FUS with or without 

MB have been shown to release tumor debris, DAMPS, and other protein antigens that can 

stimulate innate and adaptive immune responses within the tumor (Jang et al., 2018; Liu et 

al., 2012; Silvestrini et al., 2017; Unga et al., 2014; van den Bijgaart et al., 2017; Wu et al., 

2007, Xu et al., 2009). In this study the changes proteomic and immune cell numbers in two 

tumor types following pFUS at 24 hours to determine how sonication acutely alters the 

TME. The major finding of this study was that similarities and differences in the molecular 

response to pFUS mechanical forces occur between the two tumor types with regards to 

increased or decreased expression of CCTF and CAM. Although it may seem obvious that 

tumor types derived from differing cell origins (i.e., ectoderm, endoderm, or mesoderm) may 

respond differently to non-ablative pFUS, this observation has not been thoroughly 

investigated. Overall, sonicating the tumors at PNP>4 MPa resulted in a shift from an 

immuo-suppressive towards an anti-tumor immunity TME with increase expression of 

various CCTF, CAM, and immune cell phenotypes within the spleen and tumor. Moreover, 

the number of cells with DNA damaged (TUNEL +) increased with PNP > 4MPa in both 

tumor types compared to control.

Malignant TME can be described as either “cold” (immunosuppressive) or “hot” (anti-

tumor) based on the CCTF and immune cell activity present (Nagarsheth, et al. 2017) 

(Figure 7). Cold tumors tend to express immunosuppressive CCTF in TME accompanied by 

increased infiltration of Treg, M2 macrophages, and MDSC, with few functional DC or 

antigen presenting cells (APC). In comparison, hot tumors can have increased expression of 

pro-inflammatory CCTF along with Tcyt, NK cells, Th, Th17 cells, DC and functional APC 

that could generate an anti-tumor immune response and slow tumor growth. There is most 

likely a spectrum or heterogeneous distribution of cold and hot phenotypes within a single 

tumor that contain areas that could have immune-suppressive or anti-tumor molecular 

profiles. The proteomic pattern of cold tumors exhibit increased expression of TGFb, IL10, 

IL4, IL13, VEGF, RANTES, MCP1, MCSF along with decreased expression of 

proinflammatory CCTF (Ben-Baruch 2006, Jiang, et al. 2016, Pitt, et al. 2016). In hot 

tumors, increased expression of IFNg, IL1a, IL1b, IL2, IL6, IL12, IL17, TNFa, IP10, 

monokine induced gamma interferon (MIG), and CAMs can vary and contribute to 

activating an innate immune response. The balance between the two TMEs can be 

influenced by external physical stimuli. Radiation therapy (RTx) can induce the TME 

towards an anti-tumor response by causing DNA damage along with increased mixed 

histocompatibility class I (MHC I), and release of DAMPs that can activate APC to 

stimulate Tcyt and NK cells and a subsequent inflammatory response (Barrio, et al. 2012, 

Gameiro, et al. 2016, Jiang, et al. 2016, Reits, et al. 2006). RTx can profoundly alter the 

TME by increasing oxygenation levels and interstitial pressure along with causing increased 

expression of Cal on the plasma membrane of tumor cells, resulting in prophagocytic 

signaling to macrophages and DC activation shifting toward an anti-tumor immune response 
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(Jiang, et al. 2016, Obeid, et al. 2007, Raghavan, et al. 2013). RTx can also change the 

CCTF profile within tumors by altering expression of both pro-inflammatory and anti-

inflammatory factors that modulate the immune response and shift the balance from a cold 

to hot tumor (Barker, et al. 2015, Demaria, et al. 2016, Frey, et al. 2017, Lugade, et al. 2005, 

Vanpouille-Box, et al. 2015).

Low intensity FUS has been shown to induce a stress response in murine B16 melanoma 

tumor models by altering the CCTF in the draining lymph node along with stimulating an 

anti-tumor immune cell profile that resulted in slower tumor growth and metastases 

(Bandyopadhyay, et al. 2016). Low intensity pFUS with MB has been shown to alter TME 

with transient increases in tumor infiltrating lymphocytes and Tcyt cells that resulted in 

slowing colon cancer (CT-26) growth in a mouse model (Liu, et al. 2012). Direct injection of 

MB into melanoma tumors followed by FUS has also been shown to slow tumor growth and 

increase necrosis due to inertial cavitation effects in the TME (Jang, et al. 2018). High 

intensity focused ultrasound (HIFU) treatment to breast cancer has been shown to release 

DAMPs such as heat shock protein 70 and adenosine triphosphate (ATP) from damaged 

tumor cells that can serve as chemoattractants for DC, which alter the CCTF profile within 

the TME and inhibit tumor growth (Deng, et al. 2010, Hu, et al. 2005, van den Bijgaart, et 

al. 2017, Wu, et al. 2007).

In the present study, B16 and 4T1 flank tumors that were targeted with mechanical pFUS at 

6 MPa PNP and acutely harvested at 24hrs demonstrated changes in the CCTF and CAM, as 

well as Cal and PD1 expressions shifting the balance toward a hot TME. There were marked 

differences in CCTF expression between the B16 and 4T1 tumors following pFUS over the 

range of PNP. However, the decreased expression of TGFb and IL10 along with increases in 

ICAM were common to both tumor types. This would suggest that the mechanical effects of 

pFUS at >4 MPa would influence the anti-tumor microenvironment. The CCTF profile of 

the TME may contribute to immune cell phenotypes. Some CCTF have dual functions and 

can either promote or inhibit tumor development and progression depending on intra-

tumoral concentrations of various cell populations within the TME (Lin and Karin 2007). 

TGFb can be expressed by cancer cells, stromal cells, immune cells, and fibroblasts in the 

TME, and together with IL10 can influence tumor development and growth (Massague 

2008). The decreased expression of TGFb and IL10 following pFUS at 6 MPa has been 

shown to inhibit tumor proliferation. Moreover, sonicating the 4T1 tumors resulted in 

increases in TNFa, IP10 and IL17 pro-inflammatory factors which influence immune cell 

influx into the tumor. IP10 is induced by the presence of INFg that plays a pivotal role in 

stimulating an anti-tumor immune response by directly suppressing tumor cell proliferation, 

increasing MHC expression and antigen presentation which can lead to cell death along with 

immune cell infiltration of Tcyt, Th, macrophages and suppression of Treg function 

(Ivashkiv 2018, Parker, et al. 2016). IFNg can also suppress tumor metabolism, increase 

production of TNFa and IL6, while suppressing the intra-tumoral IL10 and angiogenesis 

(Ivashkiv 2018). The increased expression of IP10 in the 4T1 tumors between 2-6 MPa may 

be the result of increased cytokines such as IL1a, IL1b, and TNFa following pFUS, which 

can provide the basis for the margination and infiltration of proinflammatory immune cells 

within the TME, thus contributing to an anti-tumor response (Figenschau, et al. 2018). In 

comparison, we did not detect consistent increased expression of these pro-inflammatory 
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CCTF in the B16 melanoma tumors following pFUS at any PNP. Further studies will be 

required to determine the optimal pFUS parameters for inducing greater CCTF changes in 

the TME that would result in shifting the cold tumors to a hot phenotype .

FACS analyses to characterize immune cell profiles in tumors and spleens were performed 

to compare to proteomic changes in the pFUS-treated tumors of ~8 mm in diameter. pFUS at 

6 MPa was selected to sonicate tumors for FACS analysis because we observed changes in 

DNA damage by TUNEL staining at that PNP which could contribute to the innate and 

adaptive immune response in the mouse. However, the immune cell profiles within each 

tumor type and corresponding spleens were not consistently influenced by pFUS at 6 MPa at 

24 hr. In the 4T1 tumors (Figure 5), pFUS decreased Treg, F4/80, M1 and M2 macrophages, 

and MDSC within the 4T1 TME without significantly altering the percentage in NK, Tcyt, 

or Th cells. In the spleen of these mice, increased detection of Tcyt, DC, and MDSC, while 

NK cells were decreased which may suggest that the spleen reacting to a possible increase in 

tumor antigen load within the circulation. In comparison, pFUS at 6 MPa resulted in a 

decrease in percent of MDSC but without other significant changes. However, in the spleen, 

Tcyt, Th, F4/80, M1, and M2 macrophages, and DC percentages were increased suggesting 

that the spleen was reacting to tumor antigens within the systemic environment. The 

mechanisms behind pFUS decreasing MDSC within the B16 tumors remain unclear. 

Changes in MDSC populations can be altered by the administration of cytotoxic drugs 

(Suzuki, et al. 2005, Vincent, et al. 2010, Zollo, et al. 2012). The decrease in macrophages 

following pFUS at 6MPa in the 4T1 tumors is different than what has previously been 

reported in the literature following ablative sonication (Lu, et al. 2009, Shin, et al. 2018, 

Silvestrini, et al. 2017). One major difference between studies that report increased 

macrophage populations in breast cancer following ablative HIFU and the current study 

aside from the ultrasound modality employed, is the time the tissue was harvested (i.e., 2-14 

days post sonication). It is possible that the increased tropism of monocytes/macrophages to 

sonicated tumors requires >24 hours and we plan to investigate longer followup after a 

single or multiple nonablative pFUS sonications to the tumors to further understand the 

immune response. The lack of changes in immune cell populations within the B16 tumor 

may reflect the relative changes in CCTF and CAM following pFUS. In 4T1 and to a lesser 

extent in B16 tumors, we observed pFUS decreased CTLA4 and PD1, while increasing Cal. 

These changes presumably induced in the TME may provide a synergistic effect where 

cancer cell engulfment by antigen presenting cells (APC) such as DC and macrophages acts 

in combination with CCTF changes in the TME to enhance immune cell infiltration that 

would inhibit tumor growth and invasion (Chao, et al. 2010, Liu, et al. 2015, Obeid, et al. 

2007, Willingham, et al. 2012). Our approach could be used for targeting satellite micro-

metastatic disease in normal tissues to induce a CCTF and CAM response on endothelium 

increase tropism of immune cells to lesions. Moreover, non-ablative pFUS could be include 

as an adjunct by treating tumor margins following ablative therapy, especially if tumor 

margins need to be left because of sensitive tissues or anatomical location. This approach 

would be readily translatable to clinical trial requiring the additional time to circumscribe 

ablative regions with nondestructive pFUS. Since non-ablative pFUS at ~6MPa and 

parameters used in this study does not cause tissue damage, it maybe also possible to 

perform repeated treatments that could have positive influence on immune surveillance in 
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treating satellite tumors. The increase in CCTF, CAM and DNA damage could further 

stimulate greater innate and adaptive immune responses in surrounding tissues where micro-

metastatic disease would normally go untreated. This approach may also improve other 

types of therapy such as using check point inhibitors with pFUS either before or after 

ablative approaches to drive the immune system (Silvestrini, et al. 2017). The results of this 

study demonstrate the importance of evaluating the molecular responses exposed to pFUS 

with increasing mechanical forces in different tumor types and evaluate the acute changes in 

CCTF, CAM and immune cell population. Further investigation into the 

mechanotransductive effects of mechanical pFUS in different solid tumors especially in 

regards to the molecular and immune responses that could be generated and exploited in the 

treatment of diseases.

There are some limitations of this study that need to be addressed. The proteomic and 

immune cell response to pFUS was performed on tumors ~8mm in diameter and were 

harvested 24 hr later. It is unknown if tumor size prior to pFUS may influence expression of 

DAMPs, CCTF, and CAM or immune cell response. It is possible the TME CCTF and CAM 

changes could evolve with growth and size such that the tumor shifts from hot to cold and 

becomes less responsive to the mechanical effects of pFUS. Sampling the tumors earlier or 

days later post-pFUS may result in different proteomic or immune cell profiles. The fact that 

an influx of immune cell populations was not observed in both tumor types by 24 hr 

warrants further investigation into the temporal responses, which may help understand 

potential delays between sonication and mobilization of these cells in response to the 

proteomic changes in the TME. However, this was beyond the immediate scope of the 

present study. In addition, the effect of age and gender on proteomic and immune cell profile 

response would also need to be investigated. Further research investigating the changes in 

CCTF and CAM in tumors over time without intervention may provide a basis for the type 

and magnitude of anti-tumor immune response that can be generated by non-ablative pFUS. 

The proteomic response presented in this study is limited in breath or sampling with 

emphasis primarily on acute time point following pFUS. A broader interrogation into 

proteomic changes as well as performing transcriptomic analysis of the two tumor types in 

order to further evaluate similarities or differences in response to non-ablative pFUS.

Another limitation was the inability to measure cell viability (i.e., distinguish live versus 

dead cells) with FACS in cell populations detected in the two tumor types. The numbers of 

tissue samples harvested and 15 cell surface markers per tumor evaluated required that cells 

be fixed and analyzed by FACS over subsequent days. Moreover, we were only able to 

perform FACS analysis for immune cell populations on cells isolated from tumors and 

spleens, not regional lymph nodes, following pFUS at 6 MPa at 24 hr due to limitation of 

available tissue for processing. Future studies should assess changes in the immune cell 

profiles following sonication to define a clearer understanding of the directional trafficking 

of immune cells between the spleen, lymph nodes, and tumors. Lastly, the changes in TME 

described in response to pFUS may only be applicable to the flank tumors for 4T1 breast 

cancer or B16 melanoma metastasis and that the growth pattern and CCTF, CAM and 

immune cell profile could be different in other organs (Taube, et al. 2018).
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Figure 1. 
Hematoxylin and Eosin (H&E) stain of 4T1 (A,B,E,F) and B16 (C,D, G, H) of macroscopic 

(scale bar =2mm A,B; scale bar 1mm C,D) and high power view of tumors (scale bar = 

100μm) G and H 100μm E,F) treated with 0MPa or 6MPa. Areas of hemorrhage and 

necrosis are seen in the tumors that were either untreated or treated with pFUS.
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Figure 2. 
Immunofluorescent TUNEL stain for DNA damage in B16 (A and B) and 4T1 (D and E) 

tumors. Quantitative analysis of fluorescence from TUNEL positive cells (green) for B16 

(C) and 4T1 (F) demonstrate significant increase at pFUS PNP ≥ 6MPa. DAPI= Blue, 

TUNEL = Green, Scale bars A, D and B 100μm, B = 200μm. * p<0.05 based on ANOVA 

with multiple comparisons to PNP = 0MPa.
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Figure 3. 
Proteomic in B16 melanoma following pFUS at 1,2,4,6, and 8 MPa (n=5/PNP). (A) 

Quantitation of CCTFs and CAM in B16 tumors 24 hours after pFUS exposure at various 

PNP in picograms/ml or nanograms/ml with x axis in MPa. For 0MPa tumors were not 

sonicated but considered sham controls. (B) Heat map depicting fold changes in CCTF and 

CAM at various PNP. Protein levels were quantified by ELISA and fold changes were 

normalized to sham controls. Significant differences were determined by ANOVA corrected 

to multiple comparison to PNP= 0MPa with p value <0.05.
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Figure 4. 
Proteomic in 4T1 breast cancer following pFUS at 1,2,4,6, and 8 MPa (n=5/PNP). (A) 

Quantitation of CCTFs and CAM in 4T1 tumors 24 hours after pFUS exposure at various 

PNP in picograms/ml or nanograms/ml with x axis in MPa. For 0MPa tumors were not 

sonicated but considered sham controls. (B) Heat map depicting fold changes in CCTF and 

CAM at various PNP. Protein levels were quantified by ELISA and fold changes were 

normalized to sham controls. Significant differences were determined by ANOVA corrected 

to multiple comparison to PNP= 0MPa with p value <0.05.
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Figure 5. 
Graphs of percentage (%) of each phenotype of immune cell population determined flow 

cytometry analysis (FACS; n=5 mice (10 tumors and 5 spleens)/PNP). FACS results for each 

tumor or spleen harvested 24 hours following pFUS at PNP = 6MPa compared to tumors 

that were not sonicated (PNP=0MPa). (A) B16 Tumor: MDSC *p=0.0022 and (B) spleens 

from mice with B16 tumors: Th &&&p=0.0079, Tcyt &&p=0.0079, NK cells ###p=0.0079, 

F4/80 macrophages ##p=0.0159, M1 macrophages #p=0.0317, M2 macrophages ***p= 

0.0397, DC **p= 0.0317, and MDSC *p=0.02. (C) 4T1 Tumors: Treg &p=0.02, F4/80 

##p=0.02, M1 #p=0.02 and M2 macrophages ***p=0.02 and MDSC *p=0.02. (D) Spleen 

from mice with 4T1 tumors: Tcyt &&p=0.028, NK ###p=0.028, DC **p=0.028, and MDSC 

*p=0.028.
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Figure 6. 
Graphs of percentage (%) by FACS (n=5 mice (10 tumors and 5 spleens)/PNP) of 

Calreticulin (Cal), PD1 and CTLA4 expression from either B16 (A) or 4T1 (B) tumors. B16 

Cal (p=0.0027) and 4T1 PD1 (p= 0.042) with non-significant trends for decreased CTLA4 

(p=0.051) and increased calreticulin (p=0.054).
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Figure 7. 
The balance between intra-tumoral immunosuppressive (cold) and an anti-tumor (hot) tumor 

microenvironment. The balance between cold and hot TME is dependent on the expression 

of local concentrations of immune factors (CCTF) in the microenvironment milieu and 

associated immune cell response. pFUS at >4MPa can start to shift the molecular and 

cellular balance towards an anti-tumor hot TME within 24 hours and can influence the 

phenotypes of the local and splenic immune cell populations that could influence treatment 

effects.
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