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2. Acoustic Immune Priming
a. Melanoma
b. Triple negative breast cancer
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Global development landscape

Anecdotal Pilot Trials Pivotal Trials Outside US approvals  FDA Approvals US Reimbursement
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Global Development Landscape i More than 215,00

Total Treatments

o 9,735 Total Other Treatments
8in 4,221 Total Brain Treatments

215,720 Total Treatments

Uterine fibroids 89,353 41%

B Prostate diseases 69,825 32%
B Breast tumors 21,444 10%
Liver tumors 18,000 8%
Glaucoma 6,142 3%
B Brain 1,221 1%
B Other 9,735 %
FOCUSED
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Global Development Landscape

Essential Tremor 833 68%
Parkinson’s disease 187 15%
B Neuropathic pain 97 8% 9,735 Total Other Treatments
G
B Brain tumors 27 2%
B Mental health* 21 2%
B Alzheimer's disease 11 1%
B Other movement
disorders** 8 1%
Other brain 37 3%

Includes OCD and Depression
Includes Epilepsy and Dystonia

N

1,221 Total Brain Treatments

FOCUSED
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Bone metastases 2,173 22%
B Thyroid nodules 803 8%
Pancreatic cancer 705 7%
B Hypertension 69 1%
B Back pain 60 1%
B Parathyroid 55 1%
Cancer unspecified* 5,590 57%
Other 280 3%

Not all manufacturers are providing
specific cancer indications. The Foundation

is working to clarify this for 2019 State

of the Field Report.
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Focused Ultrasound Immunotherapy for Central
Nervous System Pathologies: Challenges and
Opportunities

Colleen T. Curley?, Natasha D. Sheybani', Timothy N. Bullock?, and Richard J. Price!™

1. Department of Biomedical Engineering, University of Virginia, Charlottesville, VA
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Mechanical Disruption

Pulsed High
Pressure FUS

Tumor Pre-FUS

Tumor Post-FUS

Cell Membrane Disruption

BTB/BBB Opening

Pulsed Low
Pressure FUS

Drug/Gene Delivery

Disruptive BBB change

Non-disruptive BBB change

Usually occurs at a histological level

Usually occurs at a molecular level

Visible change in histological
architecture

No visible change in histological
architecture

Change in anatomy

Change in function

Detected using inert tracers

Not detected using inert tracers

Generally not substance-specific

Substance-specific

Not a prerequisite for cellular traffic;
may occur if cellular traffic is
intense

Main mechanism underlying
change in cellular traffic

Nature of possible changes: tight
junction changes, denudation of
glycocalyx, endothelial cell
damage, increased vesicular
traffic, re-induction of fenestrae,
breakdown of glia limitans,
astrocytopathy in combination
with endothelial changes

Nature of possible changes:
cytokine production by
endothelial cells, upregulation
of endothelial cell receptors and
transporters, modulation of
astrocyte function, enhanced
pathogen neuroinvasion

Mechanical FUS
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Opening the BBB with Focused Ultrasound and Microbubbles

Capillary BBB is temporarily opened

Blood Brain Barrier
(BBB)

Ultrasound
Applied

rapeutic delivered across endothelial

arrier by diffusion and/or convection
Timbie, Mead, Price J Control Release 219:61-75;2015

FUS and MB Parameters: Frequency = 1.14 MHz; PNP = Variable; Pulsing interval = 2 sec;
Pulse duration = 10 ms; Total treatment time = 2 min. MB bolus dose = 10> MBs/g B.W.
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MR Image-Guided Focused Ultrasound Delivers Nanoparticles Across
the Blood-Tumor (BTB) and Blood-Brain Barriers (BBB)
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Trends in Immunology, December 2012, Vol. 33, No. 12 579

Capture, crawl, cross: the T cell code to
breach the blood-brain barriers

Britta Engelhardt’ and Richard M. Ransohoff’

. : : Molecular mechanisms involved in T cell migration
Neuroanatomy of the vascular bloodi brain barrier (BBB) across the epithelial bloodi cerebrospinal fluid barrier
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Blood stream

Subarachnoidal space

CNS parenchyma

T cell migration across the endothelial bloodi leptomeningeal barrier (BLMB)
(1) (11) (111) (1v) (v)
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transcellular
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T cell migration across the endothelial bloodi brain barrier (BBB)
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Microbubble assisted Immunotherapy

DNA loaded microbubbles

1

Microbubbles destruction

1

Acoustic streaming

1

Enhanced Endocytosis

1

DNA deposition into the cell
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Ultrasound-mediated gastrointestinal drug delivery

Carl M. Schoellhammer,"? Avi Schroeder,”** Ruby Maa,’ Gregory Yves Lauwers,*
Albert Swiston,'* Michael Zervas,® Ross Barman,? Angela M. DiCiccio,” William R. Brugge,®
Daniel G. Anderson,’>”'% Daniel Blankschtein,'" Robert Langer,”>”®" Giovanni Traverso'>"

At low frequencies (<100 kHz), ultrasound has
unique properties including the ability to
transiently permeabilize and propel therapeutic
substances into tissue by a phenomenon known
as transient cavitation

A B

] Medicated enema

Ultrasound emitter

Macroscopic view
through colonoscope

o
m () m
' Enema
administering
device
C 1x10°
P=4.06x10"* 3
&
2
1x10* g
v 2
3 o
2 i
o 3 =
~ 1x10 @
o
S
©
2 O
%10 ©
1
1210 Control Treated Control Treated
n=16 n=13

Vol 7 Issue 310 310ra168 1

In vivo radial UMGID of mesalamine in a rodent colitis model

)

~

o

Total fecal score

9 10 1n 12 13 14
Day US treatment QD P value: <1.6x10* <4.1x10% <42x10°3
US treatment QOD P value: >0.05 >0.05 <0.037
c = @ == US treatment QD s COntrol == Disease == Drug enema = US Treatment QOD
4.5
T — |
35 | i ]
1 1
1
¢ P<29x10* i ——
§ 25 | : B
& I
5 | —
° 1
g st i ! } -
* 1
i
0S5 1 ~
===
-05
Control US treatment QD US treatment QOD Drug enema QD Disease
Sections exam?ned 2 e 2 2.3 4-5
per animal
Colitis - + 3 + +
Mesalamine - QD QoD QD -
Ultrasound - QD QoD - -
Score 1 Score 2 Score 3 Score 4

Score 0
& S
p-




Sonodynamic Therapy
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target area

1

Primary Motor Cortex: Ai et al. 2016; Legon et al. 2018b

audi@y

cortex

Primary Somatosentory Cortex: Legon et al. 2014

Low-intensity ultrasound neuromodulation

One cycle One pulse

Intensity

R

]

FF = 1/Period

Pulse Repitition Period (1/PRF) Duty Cycle (ie 50% of pulse)

Sonication Duration

Global Affect improved 10/40 min post-exposure.
Reduction in pain perception after 40 min.

Improved sensory discrimination, Attenuated amplitude

Head of Caudate: Ai et al. 2016

Frontal Cortex: Hameroff et al. 2013

Mueller et al. 2014

of SEP, Phase modulation on EEG
Lee etal. 2015- 2017

Elicited tactile sensations, suppressed SEP
Secondary Somatosensory Cortex: Lee et al. 2016

Modulated cortical BOLD response at 3T and sub-
cortical BOLD response at 7 T.

Stimulation elicited contralateral tactile sensations in
hand somatotopic areas.
Thalamus: Montietal. 2016

EEG peaks, Phosphene Perception, fMRI BOLD activation

Legon et al. 2018
) Visual Cortex: Lee et al. 2016

Case study: Recovery from severe brain injury after
sonication

SEP suppression, Worsening tactile discrimination task

Inhibition of MEPs, attenuation of intracortical
facilitation, no effect on intracortical inhibition.

Human Reduction of reaction time on motor task.

Burst duration Burst interval
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A Membrane capacitance:
flexoelectricity and conformational
changes

A Mechanosensitive Channel Activation
(two pore domain K+ channels, Nav1l.t
channels, voltagegated Na+ and Ca2+
channels & Piezol channels)

A Sonoporation: the opening of pores in
the lipid bilayer

A Coupling into membrane waves
along the axon
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SYNTHETIC BIOLOGY

Ultrasound imaging of gene
expression in mammalian cells

Arash Farhadi®, Gabrielle H. Ho?*, Daniel P. Sawyer’,
Raymond W. Bourdeau?t, Mikhail G. Shapiro®t

Acoustic Reporter Genes (ARG): Gas
vesicles comprise a 2-nm-thick protein shell
enclosing a gas compartment with
dimensions on the order of 100 nm. Gas
vesicle-forming genes from  Bacillus
megaterium.
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992-997 | PNAS | January 30,2018 | vol. 115 | no.5

Mechanogenetics for the remote and noninvasive
control of cancer immunotherapy

Yijia Pan?, Sangpil Yoon®, Jie Sun®, Ziliang Huang?, Changyang Lee®, Molly Allen?, Yigian Wu?, Ya-Ju Chang?,
Michel Sadelain®, K. Kirk Shung®’, Shu Chien*%', and Yingxiao Wang®'

2Department of Bioengineering & Institute of Engineering in Medicine, University of California, San Diego, La Jolla, CA 92093; PDepartment of Biomedical
Engineering, University of Southern California, Los Angeles, CA 90089; “Memorial Sloan Kettering Cancer Center, New York, NY 10065; and dDepartment of
Medicine, University of California, San Diego, La Jolla, CA 92093
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ROI \'/'\ Focal Oncology Clinical Adaptive Learning (FOCAL)
Radiation Oncology Innovations Cancer Network

Sonolmmune® Technology
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Sparsescan HIFU boosts atttimor immunity
more than complete ablative HIFU

Dense scanning Sparse scanning
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