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2. Acoustic Immune Priming
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surrounding vessels in sonicated samples, verifying 
passage of circulating antibodies across the blood 
brain barrier[36]. This technique has also been used to 
deliver systemically administered, functionally intact, 
D4 receptor  antibodies to localized regions of the 
normal mouse brain[19], as well as Herceptin 
(trastuzumab), a humanized anti-human epidermal 

growth factor receptor 2 (HER-2) monoclonal 
antibody used in the treatment of HER-2 positive 
breast cancer[20]. These studies demonstrate the 
utility of FUS as a tool for targeted and non-invasive 
delivery of antibodies across the blood brain barrier. 
As such, they open the door for more w idespread use 
of FUS for delivery of therapeutic antibodies in 

preclinical models of brain disease.  
 

 
Figure 1. Thermal focused ultrasound energy regimens for cancer 
immunotherapy. Left Column: Partial thermal ablation using high-intensity 

continuous wave focused ultrasound. Sweeping the ultrasound focus through a 

pre-identified fraction of the tumor volume at these high energy levels generates 

a zone of coagulative necrosis, which is then surrounded by a zone of transition 

to normal tumor tissue. Right Column: Sub-ablative tissue heating using 

low-intensity continuous wave ultrasound. Sweeping the ultrasound focus 

through the entire tumor volume at this energy level elicits hyperthermia 

without immediately killing tumor cells.  

 

BBB Opening for Treatment of 
Neurodegeneration with Antibodies 

One such area of research has been the use of 
FUS-induced BBB opening for therapeutic antibody 
delivery in the pre-clinical treatment of 
neurodegenerative diseases. In two different 

transgenic models of A lzheimerõs disease, FUS 
application yielded a roughly 3-fold increase in 

systemically administered anti-amyloid antibody 
localized to plaques[37]. A  subsequent study showed 
therapeutic efficacy of this approach in the TgCRND8 
mouse model of A lzheimerõs disease, with 
FUS-mediated anti-amyloid beta delivery resulting in 
a 12% reduction in plaque number and 23% reduction 

of plaque size in the FUS treated hemisphere[38]. It 
was later shown, using this same animal model, that 
FUS-mediated BBB opening alone facilitates binding 
of endogenous antibodies to amyloid beta plaques, 
yielding reduced plaque load and activation of 

microglia[39]. Instead of targeting beta amyloid, a 
recent study designed an anti-tau single chain 

variable fragment (RN2N) to bind tau neurofibril lary 
tangles present in A lzheimerõs disease. 
Administration of RN2N and microbubbles, w ith 
subsequent application of scanning ultrasound in a 
transgenic mouse model overexpressing tau protein, 

yielded an 11-fold increase in RN2N delivery, a 
reduction of anxiety-like behavior, and tau 

phosphorylation compared to groups wherein RN2N 
was administered without ultrasound. The RN2N 
alone group did reduce anxiety like behavior, and 
both the RN2N only and ultrasound only groups 
showed reduction in phosphorylated tau levels; 

however, all effects were greatest in the group 
receiving both ultrasound and RN2N[40]. Thus, 

focused ultrasound has been shown to be an effective 
approach for the delivery of antibody therapeutics in 
mouse models of A lzheimerõs disease, and it is 
evident that FUS alone exerts beneficial effects that 
are capable of reducing plaque load.  

 

 
 Figure 2. Mechanical focused ultrasound energy regimens for cancer 
immunotherapy. Left Column: Mechanical disruption using pulsed, 

high-pressure, focused ultrasound after intravenous injection of contrast agent 

microbubbles (top row: yellow dots evident in red blood vessels). Driving 

microbubbles into inertial cavitation by sweeping the ultrasound focus through 

the tumor volume disrupts cell membranes and mechanically injures tumor 

tissue. Due to the use of very low duty-cycles, this energy regimen is not 

typically associated with tumor heating. Right Column: Blood-brain and/or 
blood-tumor barrier opening for delivering systemically administered 

immunotherapeutic drugs (top row: green dots evident in red blood vessels) to 

the CNS using pulsed, low-pressure, focused ultrasound. Here, contrast agent 

microbubbles (top row: yellow dots evident in red blood vessels), which are i.v. 

injected with the immunotherapeutic drug, stably oscillate in the FUS field. 

Stable oscillations open the BBB/BTB, permitting targeted immunotherapeutic 

drug deliver to treated CNS tissue (bottom row; green dots).  
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H22 model of hepatocellular carcinoma, FUS ablation 

was demonstrated to confer tumor-specific immunity 
as indicated by a significant increase in tumor 
antigen-specific I CD8+ cells, quantified w ith 
MHC-class I tetramers, versus sham and control 
groups. The cytotoxic CD8+ T lymphocytes (CTL) 
were observed to significantly upregulate key 
cytokines such as TNF-Ȁ and IFN -Ȃ. When CTL from 

FUS-treated animals were adoptively transferred into 
untreated tumor-bearing mice, significant reductions 
in tumor growth and greater cumulative survival 
were observed versus adoptive transfer of CTLs from 
sham or control mice[59]. In the same model and 
under similar exposure conditions, two additional 
studies were performed. In one study, it was 

determined that DCs can undergo activation and 
generate host specific antitumor immunity in 
response to complete FUS ablation. Immunization of 
mice with immature bone marrow-derived DCs 
primed with FUS-treated tumor debris or lysate led to 
a significant increase in mature DCs, IL-12 and IFN-Ȃ 
secretion of CTLs. While H22 tumor challenge using 

this strategy conferred a significant reduction in 

tumor growth among FUS-ablated tumor groups 
versus controls, no analogous stratification in long 
term survival rates was observed[60]. In the second 
study, it was concluded that FUS-treated tumor debris 
can effectively serve as a vaccination strategy to 
confer specific protective immunity. The specificity of 
CTL response to this debris suggests that the viable 

tumor antigen remaining following FUS ablation can 
improve tumor immunogenicity. Moreover, the 
strongest responses in tumor rejection and cumulative 
survival were conferred by the group that received 
FUS ablation without additional intervention via 
vaccination, suggesting that preservation of 
endogenous danger signal release was more effective 

than FUS-treated tumor lysate or untreated tumor 
lysate vaccination strategies. Nonetheless, the latter 
two interventions did promote upregulation of 
MHC-II, CD80, and CD86 expression on immature 
bone marrow-derived DCs, as well as IL-12 and IFN-Ȃ 
production in vitro[61].  

 

 
 

 
Figure 3. Hypothesized points of intersection between focused ultrasound and the cancer immunity cycle. In the cancer immunity cycle, antigens 

(purple) released from tumor cells (tan; 1) are captured by dendritic cells (blue; 2) and presented to T-cells (yellow 3) in lymph nodes (light green), leading to priming 

and activation of effector T-cells (4). Activated effector T-cells then pass into the systemic circulation (light pink; 5) and are trafficked to the tumor via adhesion to 

tumor endothelium (6). T-cells recruited from the circulation then infiltrate the tumor (7), where they specifically recognize and subsequently kill tumor cells. Tumor 

cell killing serves to release more antigen (1), allowing the cycle to continue. We hypothesize that focused ultrasound can trigger and/or boost anti-cancer immunity 
by intersecting at several points (red arrows) in this cycle. These include (i) enhanced tumor antigen release by cell membrane disruption, (ii) improved dendritic cell 

maturation via enhanced expression of damage associated molecular patterns (DAMPS), (iii) greater antigen flow to lymph nodes and less restricted intra-tumor T-cell 
migration as a result of mechanical disruption of stroma, and (iv) altered cytokine production, which may lead to augmented endothelial adhesion molecule expression 

and/or proliferation of intra-tumor T-cells. 
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Neuroanatomy of the vascular bloodïbrain barrier (BBB) 
Molecular mechanisms involved in T cell migration

across the epithelial bloodïcerebrospinal fluid barrier



T cell migration across the glia limitans 



T cell migration across the endothelial bloodïleptomeningeal barrier (BLMB) 



T cell migration across the endothelial bloodïbrain barrier (BBB) 



Microbubble assisted Immunotherapy
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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

In vivo radial UMGID of mesalamine in a rodent colitis model 



Sonodynamic Therapy

Ultrasound 

Stable of inertial cavitation

Excites sonosensitizers

Releases energy to oxygen molecules

Creates ROS

Mediates Cellular toxicity



Å Membrane capacitance: 

flexoelectricity and conformational 

changes

Å Mechanosensitive Channel Activation 

(two pore domain K+ channels, Nav1.5 
channels, voltage- gated Na+ and Ca2+ 
channels & Piezo1 channels )

Å Sonoporation: the opening of pores in 

the lipid bilayer

Å Coupling into membrane waves 

along the axon 
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1

2



SYNTHETIC BIOLOGY

Ultrasound imagingof gene
expression in mammalian cells
Arash Farhadi 1, Gabr ielle H. Ho2*, Daniel P. Sawyer 1,

Raymond W . Bourdeau2À, M ikhai l G. Shapiro2ÿ

The study of cellular processes occurring inside intact organisms requires methods to

visualize cellular functions such as gene expression in deep tissues. Ultrasound is a

widely used biomedical technology enabling noninvasive imaging with high spatial and

temporal resolution. However, no genetically encoded molecular reporters are available to

connect ultrasound contrast to gene expression in mammalian cells. To address this

limitation, we introduce mammalian acoustic reporter genes. Start ing with a gene cluster

derived from bacteria, we engineered a eukaryotic genetic program whose introduction

into mammalian cells results in the expression of intracellular air-filled protein

nanostructures called gas vesicles, which produce ultrasound contrast. Mammalian

acoustic reporter genes allow cells to be visualized at volumetric densit ies below 0.5% and

permit high-resolution imaging of gene expression in living animals.

T
hestudy of cellular function in thecontext

of intact living organisms is a grand chal-

lenge in biological research and synthetic

biology (1). Addressing thischallengere-

quires imaging tools to visualizespecific

cellsin tissuesranging from thedevelopingbrain

to tumors, and to monitor gene- and cell-based

therapeutic agents in vivo (2). However, most

common methodsfor imagingcellular processes

such as gene expression rely on fluorescent or

luminescent proteins, which havelimited per-

formance in intact animals because of the poor

penetration of light in biological tissue(3, 4).By

contrast, ultrasound easily penetrates most tis-

sues, enabling deep, noninvasive imaging with

excellent spatial and temporal resolution (~100mm

and ~1ms,respectively) (2,5).Thesecapabilities,

along with its safety, portability, and low cost,

have made ultrasound a widely used technol-

ogy in biomedicine. Despite these advantages,

to date, ultrasound hasplayed arelatively small

role in cellular imaging owing to the lack of ap-

propriategenetically encoded reporters.

Recently, biomolecular contrast agentsfor ul-

trasound wereintroduced based on gasvesicles,

air-filled protein nanostructuresthat evolved in

certain waterbornebacteriaand archaeatopro-

vide cellular buoyancy (6, 7). Gas vesicles com-

prisea 2-nm-thick protein shell enclosing a gas

compartment with dimensions on the order of

100 nm. The acoustic impedance mismatch be-

tween their gasinterior and surroundingaqueous

media allows gas vesicles to strongly scatter

sound wavesand thereby serveasultrasound

contrast agents (8ï12). In their native organ-

isms, gasvesiclesare encoded by clustersof 8

to 14 genes, includingoneor two primary struc-

tural proteins, and several other essential genes

encoding putative assembly factors or minor

shell constituents.

The use of gas vesicles as reporter genes re-

quires theheterologousexpression of their cog-

nate multigene operon in a new cellular host,

ensuring proper transcription and translation

of each gene, functional folding of each corre-

sponding protein, and appropriate stoichiome-

try and colocalization of theconstituentsfor gas

vesicle assembly. Recently, a genetic engineer-

ingeffort succeeded in expressinggasvesiclesas

acoustic reporter genes (ARGs) in commensal

bacteria, allowing their imaging in themouse

gastrointestinal tract (13). I f ARGs could be

developed for mammalian cells, then thiswould

enablethestudyof how such cellsdevelop, func-

tion, and malfunction within the context of

model organismsand enablethein vivoimaging

of mammalian cells engineered to perform di-

agnostic or therapeutic functions(14ï16). How-

ever, developing ARGs for mammalian cells

represents an even greater synthetic biology

challenge because of the differences in tran-

scription, translation,colocalization,and protein

folding between prokaryotes and eukaryotes

(17ï19). To our knowledge, no genetic operon

larger than six geneshasbeen moved between

these domains of life (20).

Here, we describe the expression of ARGs in

mammalian cellstoenableultrasound imaging

of mammalian gene expression. To identify a

set of genes capable of encoding gas vesicle

assembly in mammalian cells, we synthesized

individual gas vesicle genes from three differ-

ent microbial species using codons optimized

for human expression, cloned each gene into a

separatemonocistronicplasmid,and transiently

cotransfected mixtures of the genes from each

species into human embryonic kidney (HEK)

293T cells (Fig. 1A). After allowing 72 hours for

protein expression,wegently lysed thecells(~2Ĭ

106 cellsper sample) and centrifugated thelysate

to enrich for buoyant particles, which would

includeany gasvesicles. The top fraction of the

centrifugated lysate was then screened for gas

vesiclesusingtransmission electron microscopy

(TEM). These experiments took advantage of

the intrinsic stochasticity of transient cotrans-

fection, in terms of the ratios of genes and the

overall DNA quantity delivered to each cell, to

simultaneously sample a broad range of gene

stoichiometries and expression levels without

prior knowledgeof parameters leading to gas

vesicle formation.

The cotransfection of the gas vesicle genes

from Halobacterium salinarum and Anabaena

flos-aquae did not lead to the formation of

detectable gas vesicles. However, the cotrans-

fection of nine gas vesicleïforming genes from

Bacillus megaterium (Fig. 1B) resulted in the

production of unmistakablegas vesicles, asevi-

denced by their appearance in TEM images

(Fig. 1C). The9 genesoriginate from an eleven-

geneB. megaterium genecluster previously used

to expressgasvesiclesin Escherichia coli (13, 21),

with the exception of GvpR and GvpT, which

were found to be unnecessary for gas vesicle

formation (fig. S1).

Using the nine genes identified in our sto-

chastic screen, we set out to construct a poly-

cistronic mammalian operon for consistent gas

vesicle expression by joining these genes using

theviral cotranslational self-cleavagepeptideP2A

(22). Having determined that all genes except

GvpBcould tolerateP2A peptideadditions (fig.

S2and tableS1), weconstructed apolycistronic

plasmid containing the eight P2A-tolerant gas

vesicle genesconnected by P2A sequences, and

cotransfected it into HEK293T cells together

with a plasmid encoding GvpB. Unfortunately,

thisdid not result in theproduction of gasves-

icles. We hypothesized that one or more of the

genesin our polycistronicplasmid wasexpressed

at an insufficient level, and used a comple-

mentation assay to identify GvpJ, GvpF, GvpG,

GvpL, and GvpK as bottleneck genes (fig. S3).

Thisled ustoconstruct apolycistronicñboosterò

plasmid containing these fivegenes, ordered to

minimizeP2AmodificationstoGvpJand GvpK,

which were found to be most limiting. The co-

transfection of thebooster plasmid, together with

thetwoplasmidsabove(Fig.1D),enabled robust

expression of gas vesicles in cells (Fig. 1E). We

named thisset of threegeneticconstructsñmam-

malian acoustic reporter genes,òor mARGs.

After establishingpolycistronicconstructsfor

mammalian gas vesicle assembly, we used an

integrase (23, 24) to incorporate them into the

cellular genome for stable expression under a

doxycycline-inducible TRE3G promoter, with

fluorescent proteins added to each construct

as transfection indicators (Fig. 2A). We trans-

fected these plasmids into HEK293-tetON cells

and used flow cytometry to sort cells according

to the expression level of each fluorescent re-

porter. We found that the cell population com-

bining thestrongest expression of each construct

RESEARCH
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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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Sparse-scan HIFU boosts anti-tumor immunity 
more than complete ablative HIFU
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