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ABSTRACT

A major outstanding challenge in the fields of biological research, synthetic biology, and cell-based
medicine is visualizing the functions of natural and engineered cells noninvasively inside opaque
organisms. Ultrasound imaging has the potential to address this challenge as a widely available
technique with a tissue penetration of several centimeters and spatial resolution below 100 pym.
Recently, the first genetically encoded acoustic reporters were developed based on bacterial gas
vesicles (GVs) to link ultrasound signals to molecular and cellular function. However, the properties
of these first-generation acoustic reporter genes (ARGs) resulted in limited sensitivity and specificity

for imaging gene expression in vivo.

The goal of my thesis work has been to engineer second-generation ARGs with improved acoustic
and expression phenotypes compared to the existing first-generation constructs. | took two
complementary engineering approaches to developing these constructs: homolog screening and
directed evolution, sometimes referred to as the “nature and nurture” of protein engineering. The
resulting constructs offer major qualitative and quantitative improvements, including much stronger
ultrasound contrast, the ability to produce nonlinear signals distinguishable from background tissue
in vivo, stable long-term expression, and compatibility with in vitro multiplexed imaging. In
collaboration with others in the lab, we demonstrate the capabilities of these next-generation ARGs
by imaging in situ gene expression in mouse models of breast cancer and tumor-homing therapeutic
bacteria, noninvasively revealing the unique spatial distributions of tumor growth and colonization by
therapeutic cells in living subjects and providing real-time guidance for interventions such as needle

biopsies.

This thesis is organized as follows: in the first two chapters, | introduce the key background needed
to understand both the importance and properties of ARGS, and how they have been and could be
engineered. In the next two chapters, | detail specific efforts to engineer them—one involving the
construction of a high-throughput, semi-automated setup for acoustic phenotyping of cells and its
application to ARG directed evolution, and another involving the screening of several GV cluster
homologs to identify ones suitable for use as improved ARGs. Finally, | conclude with insights gleaned

from these two ARG engineering projects and suggestions for future ones.

The approaches, results, and ideas presented in this thesis represent the current state-of-the-art in
ARG engineering and application. While recent technology development in this field has unlocked
exciting new use cases for ARGs in noninvasive biological imaging, most of their potential for basic

science and disease diagnosis and treatment has yet to be realized.
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Chapter 1

MOLECULAR IMAGING OF ACOUSTIC REPORTER GENES

Sections of this chapter have been adapted from:
Rabut C, Yoo S, Hurt RC, Jin Z, Li R, Guo H, Ling BL, Shapiro MG. “Ultrasound Technologies for
Imaging and Modulating Neural Activity.” Neuron. 2020. DOI: 10.1016/j.neuron.2020.09.003

1.1 The Importance of Noninvasive Molecular Imaging

Breakthroughs in biology can often be traced to new experimental methods. Diverse techniques
ranging from electrophysiology and histology to optical imaging, magnetic resonance, optogenetics,
and chemogenetics have provided new ways to study the structure and function of everything from
neural circuits to tumor microenvironments to the gut microbiome. In particular, molecular imaging
(MI)—defined as the use of imaging techniques to gain real-time information about molecular
processes occurring in living specimens—has played a key role in dissecting the spatial and temporal
contributions of a variety of biomolecules to various biological processes in health and disease. While
a handful of label-free MI methods have been developed, most rely on imaging contrast agents:
molecules that emit a signal detectable by a given imaging modality, and which may label a specific
molecule of interest. The primary imaging modalities used for Ml are positron emission tomography
(PET), computed tomography (CT), magnetic resonance imaging (MRI), ultrasound (US),
bioluminescence imaging (BLI), 2-photon imaging, Raman imaging, and photoacoustics (PA). Of
these, only PET and BLI strictly require contrast agents, though 2-photon imaging is almost always
conducted with them. In the next section, | briefly discuss the strengths and weaknesses of the

most popularly used of these methods, and of their associated contrast agents.

The ultimate goal of the MI field is to be able to noninvasively monitor any biochemical process
occurring inside an organism in real time with high spatial, temporal, and molecular specificity.
However, this is currently achievable for only a limited number of molecules/processes due to a lack
of genetically encoded contrast agents, and many of the imaging modalities used for Ml suffer from

poor spatial or temporal resolution or penetration depth into tissue.

Currently, there is intense interest in expanding the number and types of molecules and molecular
processes that can be imaged, as well as in improving various aspects of the imaging modalities
themselves (primarily spatial and temporal resolution, sensitivity, and specificity). The former is
being addressed by developing both functional contrast agents that can detect specific molecules
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of interest and contrast agent-free methods of detecting biomolecules, and by using genetically

encoded contrast agents that can report gene expression in defined cell types. The latter is being
addressed by hardware and software solutions specific to each imaging modality, but also by
developing or using contrast agents that can extend the limits of these modalities (e.g., sparsity-
based super-resolution techniques) or that produce bright or bio-orthogonal signals for sensitive or

specific detection.

In this chapter, | will discuss the current state-of-the-art Ml methods that have been used to image
gene expression and other cellular processes, with a particular focus on ultrasound and its contrast

agents.

1.2 Existing Methods for Noninvasive Molecular Imaging

The history of MI has spanned many imaging modalities and molecular targets: neurotransmitters'=
3 and their receptors; glucose, kinases*, amyloid beta, but also various tumor-related molecules. In
most sub-fields of biology, PET and MRI contrast agents—once the state of the art—were largely
supplanted by optical tools following the discovery and adaptation of GFP into a biotechnology tool.
More recently, MRI contrast agents have made a resurgence due to the advent of genetically
encoded probes, and other imaging modalities such as US and PA are gaining favor as their

contrast agents are being developed.

The four most important considerations for the evaluation of a contrast agent’s performance are:
1) its sensitivity (the ability to be detected in small quantities), 2) its specificity (the signal produced
is well discriminated from other naturally- or artificially- occurring signals), 3) its stability (to not
degrade spontaneously or to be actively degraded by either biological or imaging processes), and
4) its targetability (binding to the correct receptor, localization to the correct cell type or subcellular
compartment, etc.). For example, microbubbles, the “gold standard” of US contrast agents, have
been imaged with excellent sensitivity and specificity (in large part due to developments in US

imaging software), but lack in targetability and stability.®

In the rest of this section, | discuss the four most commonly used MI modalities and their

corresponding synthetic contrast agents.

1.2a Positron Emission Tomography and Its Synthetic Contrast Agents
Positron emission tomography images the gamma rays emitted when positrons (emitted from
radiotracers via beta plus decay) annihilate with electrons present in tissue.® The contrast agents

used in PET are typically a radioisotope conjugated to a drug or other macromolecule, making these
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probes highly targetable; further, because tissue does not emit gamma rays of its own, PET has the

highest specificity of any clinically used imaging modality, and is considered “background-free.” PET
is also considered the most sensitive Ml modality, with its ability to detect analytes in nanomolar to
picomolar concentrations.” However, PET contrast agents tend to be highly unstable, with half-lives
on the order of minutes to hours,® and must be synthesized by cyclotrons that are often on-site at the
imaging facility.® Further, PET (as well as CT) scans subject patients to ionizing radiation, which pose
risks for patients who require many such scans.® Finally, the temporal resolution of PET is limited by
the pharmacokinetics of these radioactive probes, and the spatial delocalization of their emissions

limits its spatial resolution to ~1 mm.™®

1.2b Magnetic Resonance Imaging and Its Synthetic Contrast Agents

Magnetic resonance imaging involves applying a strong magnetic field to align the spins of hydrogen
protons in water molecules present in tissue and using pules of radiofrequency (RF) electromagnetic
waves to excite them, then monitoring the current induced in an RF coil as these spins relax back to
their ground state energy levels. Because it relies only on magnetic fields and RF waves, both of
which have effectively unlimited penetration depth into tissue, MRI can produce whole-body images
of large organisms noninvasively. Its moderate spatial and temporal resolutions (~100 ym and ~1 s,
respectively) make it an excellent method for most types of clinical imaging, and its lack of ionizing
radiation makes it extremely safe.'’ However, its high cost and low portability typically limit its use to
hospital settings, and the long acquisition times it requires make it highly susceptible to motion
artifacts.'® A large number of contrast mechanisms and associated contrast agents are available for
MRI,"" including both synthetic and genetically encoded ones, and their development is the focus of
intense research. While highly exciting in terms of the types of biological processes they can monitor
noninvasively deep inside organisms, these contrast agents are fundamentally limited by the high

cost, low portability, and unimpressive spatial and temporal resolutions of MRI.

1.2c Photoacoustic Imaging and Its Synthetic Contrast Agents

Photoacoustic imaging involves using optical excitation to create thermoelastic pressure waves that
are then detected by ultrasound transducers.'? The advantages of this approach are that: 1) it uses
IR light and US, both of which penetrate deeply through tissue; 2) it can achieve high spatial and
temporal resolutions; 3) its contrast agents include existing molecular tools used in optical imaging,
such as fluorescent proteins and light-absorbing pigments.'*'S Its primary disadvantage is that
despite the high penetration depth of US, the high absorbance of IR light by tissue means that it
cannot image beyond a few cm of tissue without unacceptable phototoxicity. Similar to MRI, there is
intense interest in developing functional contrast agents for PA, and these will surely represent very
valuable additions to the MI toolbox.



1.2d Ultrasound Imaging and Its Synthetic Contrast Agents

Ultrasound imaging uses pulses of ultrasonic (>20 kHz) sound waves to generate images based on
the backscattered signal intensity at either the transmitted US frequency or higher harmonics thereof.
Because US easily penetrates soft tissues—the frequencies typically used in US imaging (3—25 MHz)
correspond to wavelengths of 500-60 um and penetration depths of 10-1 cm, respectively—US-
based methods can generate images or deliver focused energy several cm into tissue with spatial
precision corresponding to its wavelength.'® Moreover, the speed of sound wave propagation—
approximately 1.5 km/s in soft tissue—allows US to operate with temporal precision below 1 ms
(Figure 1-1A). As US waves propagate through tissue, they reflect and scatter off interfaces between
materials of differing densities and compressibilities (Figure 1-1B); light waves are similarly scattered
at interfaces between materials with different refractive indices, but to a much greater extent that US
waves (Figure 1-1C), with the result that light of most wavelengths penetrates only a few hundred
microns into tissue. US imaging and optical imaging both suffer from the same fundamental tradeoff
between spatial resolution and penetration depth (Figure 1-1D), due to the wavelength-dependent
attenuation and diffraction of both types of waves, as enumerated in Abbe’s diffraction limit. The
fortuitous properties of US have made it one of the most widely used imaging technologies in clinical
medicine, facilitated by its relatively low cost, high portability, and safety (Figure 1-1E). At the same
time, as the only form of non-ionizing energy that can be focused in deep tissues, focused US (FUS)
has become a rapidly growing modality for noninvasive therapy, used in the ablative treatment of

cancer and neurological dysfunction, facilitated by advances in US hardware and image guidance."”
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Figure 1-1: Properties and applications of ultrasound waves. (A) Approximate performance
characteristics of common imaging modalities used for MI. (B) Physical properties of US in tissue. (C) Physical
properties of light propagation through tissue. (D) Fundamental tradeoff between ultrasound resolution and
penetration depth as a function of frequency in brain tissue (penetration depth was assessed based on a 60-
decibel round-trip attenuation). (E) Demonstration of ultrasound imaging capabilities; conventional B-mode
image of an infant human brain showing sub-millimeter resolution; 15 MHz super-resolution ultrasound image
of rat brain vasculature with 8 uym resolution, breaking the classical tradeoff presented in (D). Panel A adapted
from Rabut et al.'® Panels B-E adapted from Maresca et al.®

A handful of synthetic contrast agents have been developed for US: primarily microbubbles and
droplets/nanobubbles. These contrast agents are almost exclusively used for intravascular imaging,
and their strengths and limitations have been reviewed.' Briefly, microbubbles are the most
commonly used US contrast agents for clinical imaging, and can produce extremely strong and
specific nonlinear signals when imaged at their resonant frequency. They are stable for a matter of
minutes after injection into the blood with minimal toxicity, and they can be targeted to bind specific
intravascular biomarkers.?°-?* Phase-shift droplets are less stable than microbubbles, and are more
challenging to image.'® They are not targetable, but are small enough to extravasate through leaky
vasculature, leading to claims that they can label tumors specifically.?>?% Nanobubbles, despite low
per-particle scattering, can produce strong contrast because their small size allows them to reach

high concentrations per unit volume.' They are also capable of extravasation into tumors.?”

These synthetic contrast agents have been used for several exciting applications in intravascular
imaging, namely tumor intravascular imaging, microbubble localization microscopy, molecular
imaging of vascular markers of disease, microbubble-based therapy monitoring, and as enhancers
of hemodynamic contrast in functional US imaging.'® Despite these successful applications, the lack
of genetic encodability of synthetic contrast agents prevents their use in monitoring some of the most
important biological processes that scientists and physicians seek to study, such as gene expression

and the sensing of intracellular signals such as Ca*" waves and enzymatic activity.

1.3 Gas Vesicles as Ultrasound Contrast Agents

Gas vesicles (GVs) are genetically encoded gas-filled nanostructures (Fig. 1-2A) that evolved in
aquatic photosynthetic microbes as a means to achieve buoyancy.?®?® GV clusters are found in
several species of photosynthetic bacteria and haloarchaea, and nonfunctional GV clusters are
present in the genomes of many more. GVs comprise a 2-nm-thick protein shell, with a typical
diameter of ~140 nm and length of 500 nm, enclosing a compartment of gas that is at equilibrium with
the surrounding media (Fig. 1-2B)."®232° The cigar-shaped protein shell that forms the core of the
GV is composed primarily of monomers of a single protein—gas vesicle protein A (GvpA) (Fig. 1-
2C)—uwith optional external scaffolding proteins (GvpC) that mechanically reinforce the GV shell

(structure and properties reviewed in Maresca et al.'®). They are encoded for by clusters of 8-20+
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genes, only 1-2 of which (GvpA/B with the possible addition of GvpC) encode for major structural

proteins, the others encoding for minor structural proteins, chaperones, or other essential
“assembly factors” (Fig. 1-2D). GVs rely on a fascinating trick of chemistry to maintain their gas-
filled interiors in aqueous environments—even though the pores between the monomers of the GV
shell are large enough for water to diffuse through, the inner surface of the GV shell is so
hydrophobic that any water vapor that diffuses in cannot nucleate into a liquid phase—therefore,
GVs are filled with whatever gasses are present in their environment. Thus, GVs can be considered
genetically encoded nanometric gas containers, and this property enables their use as US contrast
agents because the gas phase inside them presents an interface off of which US waves
propagating through the aqueous cellular environment can scatter. Critical for their use in MI, these
gene clusters have been successfully transferred into commensal bacteria and mammalian cells,

allowing these cells to be made visible under an acoustic beam, just as GFP once did for optical

imaging.
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Figure 1-2: Gas vesicle structural properties and in vitro GV US imaging. (A) Transmission electron
microscopy (TEM) image of a GV. (B) Diagram of a GV, showing the ability of gas to cross the shell, and the
exclusion of water (left); physiochemical properties of the GV shell, namely the hydrophilic exterior that helps
to solubilize the GV in the aqueous environment of the cell and the hydrophobic interior that prevents water
from forming a liquid phase inside the GV (right). (C) Structural models of GvpA, the primary structural
protein of the GV. Hydrophilic residues are colored white and hydrophobic residues red. The former can be
seen to cluster on the convex side and the latter on the concave side. (D) (Top) Gene cluster from
Anabaena flos-aquae encoding the formation of GVs, with each Gvp gene labeled. (Bottom) Diagram of a
GV showing the relative contributions of the two main structural proteins to the structure of the GV. (E) US
images of purified GVs in agarose gel at various optical densities and after hydrostatic collapse. (F) US
images of bacterial cells in agarose gel expressing GVs under the control of an IPTG-inducible promoter.
(G) US images of human HEK293T cells in agarose gel expressing GVs under the control of a doxycycline
(Dox)-inducible promoter. Scale bar, 1 mm. All panels adapted from Maresca et al.'®

When imaged in purified form in vitro (Fig. 1-2E),*® or expressed in bacterial (Fig. 1-2F)%' or
mammalian cells (Fig. 1-2G),*? GVs produce bright contrast from backscattered US. Specialized

US imaging paradigms have been developed to detect GVs with increased sensitivity and
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specificity.3*5 These methodologies can be destructive, in which case they are based on

monitoring GV collapse under high US pressures;®® conversely, they can leverage the reversible
mechanical buckling of the GV shell which generates nonlinear responses to acoustic pressure,3-
38 enabling selective imaging of these particles using a tailored amplitude modulation strategy.343°
The unique possibility to tune the structural properties of GVs raise the opportunity to modulate
their response to ultrasound and to maximally distinguish their signals from background. In addition
to their use in imaging, GVs have been used to apply force to cells in the case of sonogenetics®® and

cell sorting,*® and to tissues for blood-brain barrier disruption.*’

Compared to the synthetic US contrast agents mentioned above, GVs have three primary
advantages: 1) their genetic encodability, 2) their stability, 3) their small size and narrow size
distribution. Like synthetic US contrast agents, GVs provide excellent sensitivity and specificity in US
imaging, and can be targeted to specific receptors®#? and cell types. GVs' genetic encodability
makes them fundamentally different from any other US contrast agent, and is critical for their use
as Acoustic Reporter Genes (see below). Compared to microbubbles, which are stable for a matter
of weeks, GVs can be stored for years with minimal degradation (from personal experience). As
mentioned above, a major use of synthetic US contrast agents is as enhancers of hemodynamic
contrast in functional US imaging; importantly for this use case, GVs’ small size allows them to
enter capillaries more effectively than microbubbles, and their narrow size distribution means that
the hemodynamic enhancement they confer upon injection is smoother than that from microbubbles

(despite being smaller in amplitude).*®

1.3a US interactions with GVs

Our current model for the acoustic behavior of GVs includes three regimes (Fig. 1-3A).3437 At low
pressures, GVs scatter “linearly,” in the sense that the amount of signal detected is directly
proportional to the input pressure. This signal is generated by the difference in acoustic impedance
between the gas phase inside the GV and the liquid phase outside, as sound waves are known to
scatter at interfaces between materials of differing acoustic impedances. At intermediate pressures,
GVs scatter “nonlinearly,” and as a result the signal detected becomes a higher percentage of the
input pressure than what would be expected if the GVs were scattering linearly. This behavior is
thought to result from reversible “buckling” of the GVs’ protein shells, which makes them more efficient
scatterers by changing the GV radius with each cycle of ultrasound.3* Finally, at high pressures, the

shell collapses and the gas inside escapes, which eliminates scattering.®”
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Figure 1-3: US interactions with GVs. (A) Three regimes of GV response to ultrasound. (B-C) Buckling and
non-bucking GVs, and the corresponding linear and nonlinear US images acquired in each pressure regime.
Panels B-C adapted from Rabut et al."®

In addition to the standard US imaging paradigms used for imaging tissue and synthetic contrast
agents, two specialized paradigms have been developed that take advantage of GVs’ nonlinear
scattering and collapse regimes to detect them with high sensitivity and specificity: BURST imaging
and xAM imaging.

Burst Ultrasound Reconstructed with Signal Templates (BURST) imaging leverages the unique
temporal signal pattern produced by GVs as they collapse; by extracting the unique pattern of this
signal from the total backscattered US signal, BURST increases the sensitivity GV imaging by more
than 1,000-fold. In dilute cell suspensions, this improvement enabled the detection of ARG expression
in individual bacterial and mammalian cells.** While extremely sensitive and highly specific, BUSRT
imaging relies on GV collapse to generate images, making it undesirable for applications in which
GVs are used to monitor cellular behavior over time.

Cross-Amplitude Modulation (xAM) imaging leverages GVs’ tendency to scatter US more efficiently
in the nonlinear regime due to the reversible buckling behavior of their shells (Fig. 1-3B): by
subtracting an image collected in the linear scattering regime from one collected in the nonlinear
regime, buckling GV signals can be specifically discriminated from tissue signals, which are primarily
linear (Fig. 1-3C).% This high specificity makes xAM imaging the method of choice for GV detection,
as it does not require GV collapse to generate images.



1.4 Gas Vesicles as Acoustic Reporter Genes

Reporter genes—genes coding for proteins with unique properties (typically enzymes or genetically
encoded contrast agents) that make cells expressing them distinguishable from those that are not—
have been used for decades to monitor the transcriptional activities of genes to which they are
fused,* and have been developed for organisms in every kingdom of life.#¢-%' In particular, there
has been an explosion in the number of reporter genes available for bacterial and mammalian cells
in the past few decades, and reporter genes have been developed for every commonly used
imaging modality. Of particular interest is the use of GVs as reporter genes for US, which is possible

only because of their genetic encodability.

Prior to the work described in this thesis, GVs had been successfully expressed heterologously in
cultured cells from two bacterial species (Escherichia coli and Salmonella typhimurium) (Fig. 1-4A-
B) as well as human cells, in which they were used to report transcription from exogenous
promoters. When used as acoustic reporter genes (ARGs) in vivo, GVs benefit from the high
penetration depth of US into tissue, as well as the high detection specificity and sensitivity afforded
by the specialized US imaging paradigms developed for detecting GV-specific signals discussed
above. Below, | will discuss the two previous studies in which GVs were used as ARGs, which

directly enabled the work presented in this thesis.

a b
AA C N F G L SKJ T U
- - = = 3 —
1kb
LUX ARG1 ARG1
E. coli E. coli S.typh

500 nm

-~

Max C——— Min



10
Figure 1-4: ARG imaging in vitro and in vivo. (A) US images of bacteria expressing either first-generation

ARGs or a negative control LUX operon. (B) TEM image of an E. coli cell expressing ARGs. (C) Pre-/post-
collapse difference image of ARG-expressing bacteria inside the colon of a mouse. (D) BURST US signal
from HEK293T cells expressing ARGs under the skin of a mouse. All panels adapted from Maresca et al.'®

The first demonstration of GVs as ARGs came in 2018, when Bourdeau and colleagues showed
that GV-expressing bacteria could be imaged noninvasively inside the mouse colon using
ultrasound (Fig. 1-4C).3" Although previous work had established the ability to heterologously
express GVs in bacteria, this study expanded the number of GV types that could be expressed in
E. coli, and demonstrated GV expression for the first time in Salmonella typhimurium. Further, it
showed that specific GV detection was possible noninvasively in living mice, and that multiple GV
types could be combined in multiplexed imaging, albeit in both cases using imaging methods that
destroyed the GVs. While an extremely exciting proof of concept that GV-expressing bacteria could
be successfully imaged in vivo, this study’s most significant limitation was that all GV expression
was performed in vitro under ideal culture conditions and not at physiological temperature, with GV-
expressing bacteria being subsequently injected into mice prior to imaging. This study highlighted
the need for ARGs that could be expressed in situ and imaged nondestructively, and which were
compatible with nondestructive multiplexed imaging: goals which were achieved in the work

described in this thesis.

Building on this work, Farhadi and colleagues showed in 2019 that GVs could be expressed by
mammalian cells, and that GV-expressing mammalian cells could be imaged noninvasively inside
mice using US (Fig. 1-4D).*? In this case, GV expression was performed in situ, making it the first
true use of GVs as in vivo ARGs. While very exciting, this study had two significant limitations: first,
the GV type used was not compatible with the highly specific nonlinear GV imaging paradigm
described above, which meant that it could only be detected using collapse-based imaging; second,
cell-to-cell variability in its expression and burden meant that it could only be imaged robustly with
US in clonally selected cell lines stimulated with potent epigenetic reagents. Thus, we sought a
new GV type that produced considerable nonlinear signal when expressed in mammalian cells,
and whose expression was robust enough that it could be detected in polyclonal cell lines prepared
by sorting alone, without the need for screening of multiple monoclonal cell lines.

Based on the limitations of the ARGs presented in these two studies, we sought the following ARG
types: 1) bacterial ARGs compatible with in situ expression and nondestructive imaging, 2)
mammalian ARGs compatible with in situ expression and nondestructive imaging, and 3) bacterial
ARGs compatible with nondestructive multiplexed imaging. In the following chapters | will detail our

successful paths to engineering them.
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Chapter 2

ENGINEERING APPROACHES FOR ACOUSTIC REPORTER GENES

2.1 Capabilities and Limitations of Existing Acoustic Reporter Genes
While the first-generation bacterial and mammalian ARGs discussed in the previous chapter enabled
exciting proof-of-concept imaging demonstrations, they had significant limitations preventing their use

in most in vivo imaging contexts.

The most exciting capability of first-generation bacterial and mammalian ARGs was that cells
expressing them could be detected noninvasively in vivo using US. Further, in the case of first-
generation mammalian ARGs, their expression could be induced in situ, making them the first true
acoustic reporters of in vivo gene expression. However, they had several significant drawbacks that
limited their available applications. Both ARG types suffered from low overall signal (bacterial cells
had to be concentration-enriched prior to injection for in vivo imaging) and no nonlinear signal, which
meant that they could only be imaged in vivo using collapse-based imaging paradigms. Further, both
showed high metabolic burden and low mutational stability, and first-generation bacterial ARGs had
poor expression at 37C which prevented their in situ expression in vivo.

Based on these limitations, we sought to engineer the following four ARG phenotypes: 1) nonlinear
scattering, 2) compatibility with in situ expression in vivo, 3) high mutational stability, and 4)
compatibility with nondestructive multiplexed imaging. We sought ARGs with these properties that

could be expressed in either bacterial or mammalian cells at physiological temperature.

In this chapter, | first describe the previous approaches used to engineer ARGs, including their
advantages, limitations, and the results obtained from them. Then | review current approaches for

high-throughput protein engineering, and discuss their applicability to ARG engineering.

2.2 Previous Acoustic Reporter Gene Engineering Efforts
Prior to the work described in this thesis, a small number of engineering efforts had attempted to

improve certain acoustic and expression phenotypes of ARGs.

The first published GV engineering study not only showed that GVs could produce US contrast in
vitro, but also that the level of this contrast could be increased by aggregating GVs together and
decreased by lysing GV-expressing cells. Subsequent work showed that purified GVs could be

engineered to collapse at varying US pressures and produce increased nonlinear US contrast,” and
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functionalized to target specific extracellular receptors in vitro' and in vivo.2 However, as these studies

used purified GVs rather than ones expressed in cells, they do not represent ARG engineering efforts.

There have been only three previous attempts to engineer ARGs: one that used cluster and
expression engineering to alter ARGs’ acoustic properties and enhance their expression levels in
bacteria,® one that used only expression engineering to enable their expression in mammalian cells,*
and one that used protein and expression engineering to convert ARGs into sensors of intracellular
protease activity.> The first two of these efforts, while very impactful in their results, involved little to
no protein engineering; the third involved substantial protein engineering, but only of the accessory

structural protein GvpC.

There were three main limitations to the engineering efforts performed previously: 1) they were
limited in their scope, using only a small number of GV gene cluster homologs, with most targeting
GvpC and none targeting the primary GV structural protein GvpA; 2) they used only small,
rationally-designed libraries; 3) they were conducted in low throughput, requiring manual loading
and scanning of each sample that made these experiments highly time-consuming. We determined
that before attempting to engineer the four ARG phenotypes listed above, we first needed to
develop a high-throughput system for assaying the acoustic phenotypes of large libraries of ARG
variants. After developing this system, we would use it to screen libraries of both GV gene cluster
homologs and GV structural protein mutants in hopes of identifying improved ARGs with more
desirable phenotypes for nondestructive in vivo imaging.

2.3 High-Throughput Approaches to Acoustic Reporter Gene Engineering

Here, we sought to move beyond the low-throughout, rational approaches to ARG engineering,
towards a high-throughput engineering approach that could handle large variant libraries. In this
section, | describe the library types and screening methods commonly used for protein engineering,

and discuss the applicability of each to ARG engineering.

2.3a Screening vs. Selection

In a screen, phenotypic information is collected about each variant in a library; based on this
information, most variants are discarded, and a small number of top performers are chosen for the
next round of engineering. In a selection, all variants are exposed to a condition that will preserve or
eliminate them based on an indicator of their “fithess,” and only variants fit enough to pass selection
are propagated to the next round. Many methods have been devised for screening or selecting
mutants based on various phenotypes (see Table 2 of Packer and Liu 2015 for an extensive list),®
each with different advantages and disadvantages; however, there are some general properties

common to screening and selection strategies. Selections tend to have extremely high throughput,
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which is often limited only by the transformation/transfection efficiency of the library into the
expression cells; however, selections generally provide a fairly coarse filter on a given phenotype,
and there many phenotypes for which it is difficult or impossible to devise a suitable selection.
Conversely, screens can be devised for any phenotype for which either qualitative or quantitative data
can be collected, and some very creative phenotype proxy screens have been devised in cases
where the phenotype of interest is difficult or slow to assay; however, the throughput of screens is
limited by the rate at which this data can be collected for each member of a library, and depending

on the screening strategy used, this can be very slow (see below).

While selections are almost always performed in pools in which all variants are mixed in the same
sample, screening can be performed in either a pooled format or an arrayed format in which variants
are separated into the wells of microplates.”=® Arrayed screening offers the significant advantages of
easy genotype-phenotype correlation and compatibility with a large number of phenotypic assays,
but is costly and time-consuming, and requires specialized equipment often including automation.
Pooled screening is often much faster and simpler to implement experimentally, requiring less sample
manipulation and no specialized equipment, but generates data that is more complex to process and
is compatible with a much smaller number of phenotypic assays.”

2.3a(i) Screening and Selection Strategies for ARG Engineering
We considered the above options, and decided that there were two main strategies that could be
used to engineer our ARG phenotypes of interest: a pooled selection strategy based on cellular

buoyancy, and an arrayed screening strategy based on acoustic phenotypes.

In a pooled buoyancy selection, a library of ARG variants would be transformed into E. coli, and
following expression, these cells would be centrifuged at a speed high enough to cause the buoyant
cells to float to the top of the sample, but not so high that the ARGs collapse. Buoyant cells would be
collected and sequenced, and unique mutants would be diversified in the next round of library
generation. The advantages of this strategy are that it is extremely high-throughput and can be used
to select from >108 cells per experiment, with multiple experiments doable in parallel, and that it can
be tailored to select for mutants with high mutational stability. The main disadvantage is that it cannot
select for all the phenotypes of interest to us: it only selects based on the gas volume fraction per cell,
which is an indirect indicator of total nonlinear ARG contrast, and which has no bearing on the

compatibility of a given ARG mutant with multiplexed imaging.

In an arrayed acoustic screen, libraries of ARG-expressing E. coli would be arrayed in 96-well format,
and scanned using US to assay their acoustic phenotypes. These phenotypes would be quantified,

and this information used to choose a subset of the top-performing variants to de diversified for the



18

next round of screening. The advantage of this method is that it allows us to directly assay almost all
the phenotypes of interest and to collect quantitative data on each. The primary disadvantages are
that it is complex to implement, and its throughput is ~10° mutants per experiment due to the high
screening time required per mutant. Thus, this method would be preferable to pooled buoyancy
screening as long as the libraries we plan to screen have sizes on the order of 10° mutants.

2.3b Library Types for Protein Engineering

The two main types of variant libraries used for protein engineering experiments are mutant libraries
and homolog libraries. In mutant libraries, mutants (either rationally designed or random) of one or
more proteins are generated by any of several methods (see below), while in homolog libraries,
existing wild type homologs of proteins are mined from metagenomic datasets and tested in place of
the protein of interest. Both strategies lend themselves to iterative rounds of library generation and
screening: with mutant libraries, the top variants from one round are mutagenized for screening or
selection in the next; with homolog libraries, a diverse set of homologs can be sparsely sampled in
one round, and homologs more closely related to those with favorable phenotypes can be densely
sampled in the next. Both approaches have been used extensively and successfully to evolve a
variety of proteins, and each has its strengths and limitations. Ultimately, the choice of library type
should maximize the chance that variants with the desired phenotypes are present, while minimizing

the number of undesirable mutants.

Below, | will describe the advantages and disadvantages of these library types as they relate to ARG
engineering. Ultimately, we decided to construct both mutant and homolog libraries; our efforts to
screen these libraries and characterize their best variants are the subjects of Chapters 3 and 4 of this

thesis.

2.3b(i) Mutant Library Types and Considerations for ARG Engineering

There are several common methods for mutant library generation (see Table 1 of Packer and Liu
20158 for the most commonly used techniques), each with different advantages and disadvantages.
Of these, the most ubiquitous ones currently are error-prone PCR, site-directed saturation

mutagenesis, recombination, and rational or semi-rational design of computationally focused libraries.

The choice of which methods to use depends primarily on how much is known about the protein of
interest. In particular, if there are certain residues that are known to interact with a molecule of interest
(e.g., a substrate or cofactor in the case of an enzyme), then a focused mutagenesis strategy (usually
site saturation) is used. If a crystal structure is available, then either rational design or a combination
of rational design and recombination is used to generate a focused library that is likely to exclude as

many non-functional variants as possible. If the protein of interest has several orthologs with
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sufficiently different sequences (meaning that the sequence is not so highly conserved that
recombining sequences from different orthologs would result in a library with very limited diversity)
and different functions (which necessitates that the functions of these orthologs have actually been
characterized and are interesting), then recombination is often used—even in the absence of a crystal
structure—to generate libraries that cover portions of the sequence space that are especially likely to
yield both functional and interesting variants. Further, if one or more rounds of library generation and
screening have already been performed and interesting variants identified, then these mutants can
be recombined to generate variants with pairs of interesting mutations, which are also more likely to
retain functionality than a random set of variants. However, in the absence of either structural
information, information on key residues known to affect the phenotype of interest, or orthologs with
both sufficient sequence diversity and well-characterized interesting functions, a directed evolution
experiment must start by using a mutagenesis method that generates a great deal of diversity (which
is bound to result in many variants with decreased function but hopefully also a few with increased
function), and to use the information gleaned from this library to generate more targeted ones in future

rounds of engineering.

With respect to GVs, little useful prior information is available. There was no crystal structure available
when these studies began, but computational models have been put forward'®'" and a limited amount
of targeted mutagenesis has been done to both validate these models and identify critical residues
for GV formation.' There are also many known orthologs of GvpA/GvpB, but many of these have
very high sequence similarity in the region predicted computationally to contain the most secondary
structure, and little of the information necessary to us is available regarding the functionality of these
other orthologs (namely, whether they can be expressed in E. coli and what their acoustic properties
are). To our knowledge, the only such information available is that which has been collected by our
lab, meaning that the only GV proteins that have been both successfully expressed in E. coli and
characterized in terms of their ultrasound contrast are Anabaena flos-aquae GvpA/GvpC and
Megaterium GvpB. Therefore, given the limited amount of useful information that could otherwise be
used to generate a more targeted variant library, we needed to begin by using untargeted
mutagenesis approaches and then using the data collected from screening these initial libraries to
generate more targeted ones for subsequent rounds. This left us with two options for library

generation: error-prone PCR and scanning site saturation.

Error-prone PCR (epPCR) is perhaps the most commonly used strategy for library generation. It relies
on the use of a DNA polymerase with tunable fidelity that can be made to introduce mutations
randomly into a DNA sequence during PCR. The significant advantages of this method are its ease
of implementation and its ability to generate libraries that sample a wide range of sequence space,

but its largest disadvantages are that it introduces bias toward certain codons (as not all single-
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nucleotide mutations are equally likely because of bias inherent to the polymerase) and cannot
access all amino acids at each position (i.e., assuming a maximum of one mutation per codon, it is
not possible to make certain amino acid substitutions, for example F to G, V to C, M to N, and several
others). Further, epPCR generates a range in the number of mutations per library member (e.g., 0-3
mutations per gene), rather than a defined number; thus, in libraries where a small number of
mutations per gene are desired, a significant percentage of the library will be the wild type sequence.
Also, if the gene of interest is very sensitive to mutation, a large number of the mutant sequences
may be nonfunctional. Considering these disadvantages, we chose to forego using epPCR in our

experiments.

Scanning site saturation is a version of site-directed saturation mutagenesis in which multiple
residues are saturated in the same library, leading to a final library containing a total of: [(# residues
to be saturated) x (# amino acids to be substituted in each position)] variants. For example, for a
protein of length 70 residues in which every residue is replaced with every amino acid (excluding the
wild type amino acid at that position), the resulting library size will be 70 x 19 = 1,330. Because it is
customary to substitute every possible amino acid in each desired position, these libraries typically
only scale with the number of residues to be saturated, which may mean all the residues in the protein.
Until recently, most scanning site saturation experiments have been limited to sub-regions of a protein
of interest, as each site required a separate round of cloning. However, with recent advances in oligo
synthesis, it is now possible to generate an entire scanning site saturation library as a pool of oligos,
and to clone them into a target vector in a single step. This strategy has recently been used in
combination with high-throughput screens to evolve a high error-rate DNA polymerase for continuous
evolution™ and to characterize RNA sequence elements that contribute to translation efficiency.!*
The largest advantages of a scanning site saturation library are that it provides a comprehensive view
of the location of the starting point in sequence space (i.e., it is equivalent to taking one “step” away
from the parent in every direction in sequence space), which is very useful for characterizing a protein
of unknown evolvability, and it helps to identify the residues that are most sensitive to mutation and
most important for the phenotypes of interest. The main disadvantages of this approach are the
technical difficulty in generating such libraries and the cost, but these were not sufficient to dissuade

us from attempting to make such information-rich libraries.

2.3b(ii) Homolog Library Types and Considerations for ARG Engineering

Homolog libraries tend to be much smaller than mutant libraries, both because the number of
homologous sequences available for a gene or gene cluster of interest in metagenomic databases is
often relatively small (at least when compared to the diversity that can be generated for a single
protein via mutagenesis), and because the cost per sequence tends to be much higher for homologs,
which are obtained either through synthesis or through genomic PCR of an organism harboring them.
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The homologous sequences that comprise these libraries are identified through a process of “genome
mining,”'>¢ in which a target gene or gene cluster is searched against the sequence data present in
databases such as the NCBI Reference Sequence database and the JGI genome database using
BLAST. Identified homologs are then compared using ClustalW or antiSMASH and
BiGSCAPE/CORASON, and the desired homologs for testing are chosen based on both this
sequence comparison information and additional information about the species from which these
sequences are derived, such as their growth conditions. These sequences are then obtained through
synthesis or genomic PCR of organisms ordered from culture repositories, and cloned into expression
vectors for testing. This approach has been used successfully to engineer a variety of genes and

gene clusters.'7-22

Homolog screening has never been applied to ARG engineering. However, because of its
demonstrated success in other protein and cluster engineering efforts, as well as the fact that it
generates libraries with sizes well within the range of our screening capacity, we saw fit to include an

ARG cluster homolog library in our study.
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Chapter 3

DIRECTED EVOLUTION OF ACOUSTIC REPORTER GENES USING HIGH-
THROUGHPUT ACOUSTIC SCREENING
Hurt R.C., Jin Z.,, Soufi M., Wong K., Sawyer D., Deshpande R., Shen H., Mittelstein D.R., Shapiro
M.G. "Directed evolution of acoustic reporter genes using high-throughput acoustic screening.” In

preparation.

This chapter is a reformatted version of the above manuscript. My contributions to the work were

designing and performing the study, analyzing the data, and writing the paper.

3.1 Abstract

A major challenge in the fields of biological imaging and synthetic biology is noninvasively visualizing
the functions of natural and engineered cells inside opaque samples such as living animals. One
promising technology that addresses this limitation is ultrasound, with its penetration depth of several
cm and spatial resolution of tens of um. Recently, the first reporter genes for ultrasound were
developed to link ultrasound to cellular function via heterologous expression in commensal bacteria
and mammalian cells. These acoustic reporter genes (ARGs) represent a novel class of genetically
encoded ultrasound contrast agent, and are based on air-filled protein nanoparticles called gas
vesicles (GVs). Just as the discovery of fluorescent proteins was followed by the improvement and
diversification of their optical properties through directed evolution, here we describe the evolution of
GVs as acoustic reporters. To accomplish this task, we introduce a strategy for high-throughput, semi-
automated acoustic screening of ARGs in bacterial cultures and use it to screen mutant libraries to
identify variants with increased nonlinear ultrasound scattering when expressed in E. coli at 37°C.
Starting with scanning site saturation libraries for two homologs of the primary GV structural protein,
GvpA, two rounds of evolution resulted in GV variants with 5 and 10-fold stronger acoustic signal than
the two parent proteins, and identified variants with differential responses to acoustic pressure that
enabled multiplexed imaging. To our knowledge, this is the first time that an acoustic biomolecule has
been evolved in the laboratory, and ours is the first high-throughout, semi-automated setup to collect
acoustic data on biomolecules expressed in cells. Finally, the ARG constructs evolved in this study
enabled the first-ever demonstration of non-destructive multiplexed imaging of multiple ARG species
in a single sample, adding multiple orthogonal “colors” of ARGs to the acoustic molecular imaging
toolkit.
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3.2 Introduction

Acoustic reporter genes (ARGs)—genetically encoded reporters that enable the imaging of gene
expression using ultrasound—which were first introduced to bacteria in 20181 and subsequently to
mammalian cells in 2019,2 have been the subject of intense study®®, development® and
application™20 in recent years.2'=22 Based on genetically encoded, gas-filled protein nanoparticles
called gas vesicles (GVs) that first evolved in buoyant microbes, ARGs have received considerable
attention due to their ability to enable noninvasive, long-term, real-time imaging of gene expression
in both bacterial and mammalian cells deep inside living organisms. In particular, ARGs have been
used to image tumor growth21% and colonization by therapeutic bacteria,'? protease activity,'® and
phagolysosomal function,'® and are anticipated to enable breakthroughs in microbiome imaging,
cell tracking, and sonogenetics. However, despite several successful efforts to engineer the
acoustic and expression properties of ARGs, further improvements to the performance of ARGs
are needed to enable their most impactful applications, and the methods available for their acoustic
characterization are low-throughput, complex to implement, and require a great deal of hands-on

time per sample.

The exciting possible applications of improved ARGs necessitates a method for quickly and easily
engineering their acoustic phenotypes in high throughput. Current methods for ultrasound-based
characterization of ARGs are slow and labor-intensive, requiring manual loading and imaging of
individual samples that limits their throughput to a handful of samples per day. In contrast, the state-
of-the-art high-throughput methods used to engineer fluorescent proteins can process far larger
libraries in shorter times, with less intervention from users: plate readers can assay thousands of
samples per run, and flow cytometers have been used to screen libraries of 10® mutants in a single
experiment?. In the past few decades, a growing suite of protein engineering techniques have
been developed and applied with remarkable success to improving fluorescent proteins, opsins,
Cas proteins, and other biotechnology tools, but these methods often require the screening of
libraries containing thousands of members or more.22 Thus, the low throughput of current acoustic
screening methods prevents the effective use of most of the tools needed to unlock the full potential
of ARGs.

In this study, we developed a high-throughput, semi-automated pipeline for acoustic screening of
ARGs, and used it to evolve two ARG clusters to improve their nonlinear acoustic signal and enable
nondestructive multiplexing. Our system, which we call the Acoustic Plate Reader (APR), is capable
of collecting acoustic data on up to 1152 ARG samples in a single automated scan, and includes
graphical user interfaces (GUIs) for data collection and processing. This new workflow facilitates
faster, more reliable, and more standardized acoustic screening of ARG samples, and requires

significantly less hands-on time than current methods. Using this pipeline, we improved the
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nonlinear acoustic signal produced by two ARG clusters—the wild type Anabaena flos-aquae and
Bacillus megaterium clusters—by 5- and 10-fold, respectively, when expressed at physiological
temperature. We further demonstrated that these evolved ARGs can be multiplexed
nondestructively, allowing us to separate distinct populations of cells in an imaging volume, each
labeled with a different “color” of ARG.

3.3 Results

High-throughput directed evolution workflow for ARGs

GVs are known to respond to ultrasound in three regimes, depending on the input pressure applied:
linear scattering, nonlinear scattering, and collapseZ (Figure 3-1A). Of particular interest for in vivo
imaging is the nonlinear scattering regime in which GVs produce significantly more contrast than
tissue, putatively by “buckling” of their shells.2¢ This effect has been exploited previously to non-
destructively image GV-expressing bacterial cells in vivo with high specificity;1® however, the
bacterial ARG used has such high nonlinear scattering that it cannot be effectively used in
combination with any other bacterial ARGs, which produce significantly less nonlinear signal.
Therefore, we sought a pair of bacterial ARGs which: 1) produce considerable and comparable
levels of nonlinear signal when expressed in E. coli at 37°C, 2) have distinct pressure-response
properties that will make them separable during pressure-domain multiplexing, and 3) have
compatible collapse pressures, such that imaging one species at its optimal imaging pressure will

not substantially collapse the other.

As starting points for engineering the desired pair of bacterial ARGs, we chose two ARG gene
clusters which: 1) have been successfully expressed in E. coli, but perform sub-optimally in terms
of their US contrast and tolerability of expression; 2) have been successfully expressed in
mammalian cells. These were the minimal versions of both the wild type Bacillus megaterium ATCC
19213 cluster (lacking gvpA, gvpP, and gvpQ) and the wild type Anabaena flos-aquae cluster
(with only one copy of gvpA, and lacking gvpV) (Figure 3-1B). The primary GV structural protein--
GvpA or its homolog GvpB--creates the cigar-shaped body of the GV, and optionally GvpC may
attach to the outside of this structure and reinforce it mechanically (Figure 3-1C). It has already
been shown that engineering GvpC to reduce its binding to GvpA can result in GVs with increased
nonlinear signal or decreased collapse pressure,2 but GvpC serves as a limited target for
engineering these phenotypes because: 1) not all GV types include GvpC, and 2) even the
complete removal of GvpC only increases nonlinear signal by a factor of ~4; while it decreases the
average collapse pressure by an impressive ~34%,2 this is still ~6x higher than the theoretical
minimum collapse pressure of 1 atm. Further, it would be desirable to engineer GVs with higher

collapse pressures or ones whose collapse pressure is unchanged while having a significantly
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Figure 3-1. High-throughput directed evolution workflow for ARGs. (A) Three regimes of GV response to
ultrasound. (B) Diagrams of the gene clusters used as starting points for evolution. (C) Roles of the structural
proteins GvpA/B and GvpC in GV structure. (D) Schematic of directed evolution workflow for ARGs. The
starting point GV structural protein is mutagenized, then expressed in E. coli as colonies on Petri dishes.
Colonies that turn white are assumed to produce GVs, and are picked and expressed in liquid culture. Cultures
of GV-expressing E. coli are then loaded into agarose phantoms and imaged using US. The resulting nonlinear
US intensity data are used to rank the performance of mutants and select the most promising ones for further
mutagenesis. (E) Schematic of the Acoustic Plate Reader (APR), which is used for automated US image
collection of up to 1152 samples of GV-expressing E. coli arrayed in 96-well agarose phantoms. (F) Image of
the graphical user interface for the APR.
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lower buckling threshold. Therefore, we chose the GvpA/B protein as our target for engineering

increased nonlinear scattering with or without altered collapse pressure.

To engineer the desired nonlinear signal and collapse pressure phenotypes, we developed a
method for high-throughput, semi-automated characterization of US contrast and GV collapse
pressure in E. coli (Figure 3-1D). After constructing scanning site saturation libraries of gvpA or
gvpB in the starting point clusters (Figure 3-1B), we first performed a selection for high levels of GV
expression by inducing transformants on Petri dishes and picking only colonies that appeared white
(GV-expressing bacteria appear white because GVs scatter light, in addition to US). These mutants
were then expressed in liquid cultures in 96-well format and loaded into agarose phantoms. These
phantoms were imaged using an automated scanning setup in which a MATLAB-controlled 3D
translating stage raster scans an US transducer above the submerged phantoms (Figure 3-1E),
producing a set of US images in which samples with high GV expression appear bright. This
pipeline allowed us to generate and acoustically screen several mutant libraries, from which we
identified mutants with significantly enhanced acoustic phenotypes. We also created graphical user
interfaces (GUIs) to simplify and standardize data acquisition (Figure 3-1F) and analysis. We
termed this setup the “Acoustic Plate Reader,” the complete workflow for which is shown in

Supplementary Figure 3-1.

Optimization of GV expression from WT Anabaena flos-aquae and Bacillus megaterium gene
clusters

Before engineering the structural proteins in these ARG clusters, we optimized the expression of
the WT Anabaena flos-aquae and Bacillus megaterium gene clusters to increase nonlinear acoustic
signal when expressed in liquid culture in E. coli at 37°C. For each cluster, we cloned three ORIs
of different strengths (~40, ~20, and ~5 copies/cell) (Fig. 3-2A-B), and assessed their performance
in liquid culture as a function of inducer concentration. For both clusters, the strongest ORI tested
gave the highest nonlinear ultrasound signal (Fig. 3-2C-D), and was chosen for future experiments.
With the optimal ORIs selected for expression (Fig. 3-2E-F), we then sought to optimize the
autoinduction conditions to maximize nonlinear signal (in autoinduction media, increasing the
concentration of glucose increases the OD at which induction occurs, while increasing the
concentration of the inducing sugar increases the level to which the transcription unit is induced).
We performed titrations of glucose and arabinose and assessed the resulting nonlinear signal from
the expressed constructs (Fig. 3-2 G-H), and decided on concentrations of 0.25% glucose and
0.05% arabinose for induction of these constructs in future experiments. We observed that US
signal from the Anabaena flos-aquae cluster peaked at a moderate arabinose concentration (Fig.
3-2C and G), while expression from the Bacillus megaterium cluster was highest at the maximum

concentration (Fig. 3-2D and H). We suspect that the signal decline from the Anabaena flos-aquae
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cluster at high arabinose concentrations is due to the high metabolic burden associated with

expressing so many non-native proteins in E. coli.
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Figure 3-2. Optimization of GV expression from WT Anabaena flos-aquae and Bacillus megaterium
gene clusters. (A-B) Diagrams of the WT Anabaena flos-aquae and Bacillus megaterium gene clusters with
libraries of origins of replication (ORI) of different strengths. (C-D) Nonlinear US signal produced from
expression of both clusters at three different copy numbers as a function of inducer concentration. (E-F)
Diagrams of the optimized WT Anabaena flos-aquae and Bacillus megaterium gene clusters used for directed
evolution, both of which used the pSC101-var5 ORI (~40 copies/cell). (G-H) Nonlinear US signal
quantifications for both WT clusters as a function of the concentrations of glucose and arabinose used for
autoinduction. The concentrations selected for GV expression during library screening were 0.25% glucose
and 0.05% arabinose.

Round 1 directed evolution of Anabaena flos-aquae GvpA and Bacillus megaterium GvpB

To further improve the nonlinear signal from the WT Anabaena flos-aquae and B. megaterium
clusters in E. coli, we designed scanning site saturation libraries of the genes encoding the primary
GV structural protein for each (i.e., gvpA for Anabaena flos-aquae; gvpB for B. megaterium) (Figure
3-3A-B). This resulted in libraries containing 1400 and 1740 members for gvpA and gvpB,

respectively (Table 1 Library Round 1). We constructed these libraries using a Golden Gate-based
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depicting the scanning site saturation libraries screened in the first round of evolution. (C-D) Nonlinear US
difference signal-to-background ratio (SBR) from all screened mutants of both clusters. Red lines indicate the
difference SBR of the WT for that cluster. N=3 technical replicates of one biological sample. (E-F) Nonlinear
US difference SBR for the WT and top mutants for each cluster. Error bars represent standard error. (G-H)
Locations of top mutations from E-F in the GvpA/GvpB structure.

version of cassette mutagenesis, in which mutagenic oligos that tile the gene of interest are
synthesized and cloned into an acceptor vector (Supplementary Figure 3-2A-B; see methods for
details). We chose this approach over error-prone PCR because of its ability to generate defined
libraries which have a controllable number of mutations per member and which lack unwanted
mutants (i.e., premature stop codons and multiple codons that code for the same mutant). When
induced in solid culture, these libraries produce three distinct types of colonies: 1) blue colonies, in
which the dropout chromoprotein was not excised during assembly, returning the original acceptor
vector; 2) low-opacity colonies that lack GV expression or express small amounts, either because
they contain a mutant that reduces GV expression or because the mutant gene did not insert correctly
during assembly; 3) high-opacity colonies with high GV expression. We used this readout to select
only the mutants with high GV expression for further study. We then expressed these mutants (384
from each of the two libraries) in 96-well liquid cultures, and imaged them in the Acoustic Plate Reader
in 96-well agarose phantoms (Figure 3-1D and Supplementary Figure 3-1). We chose the 10 unique
mutants with the highest US signal from each library and re-cloned them for validation and further

characterization (see methods).

Round 2 directed evolution of Anabaena flos-aquae GvpA and Bacillus megaterium GvpB

We next performed a second round of directed evolution on these clusters by generating three
distinct libraries: 1 and 2) scanning site saturation libraries of the top two mutants of Anabaena flos-
aquae gvpA: T6A and K22R; 3) a paired recombination library of the top 10 unique mutants of B.
megaterium gvpB (Figure 3-4A-B). We cloned and screened these libraries using the same
methods described for the first first round of evolution (Figure 3-1D), and identified several mutants
with greatly improved signal over their parents in both libraries (Figure 3-4C-D). We characterized
the top 10 unique mutants from each library in terms of their nonlinear acoustic signal (Figure 3-
4E-F) and OD600 (Figure 3-4G-H), and identified GvpA-T6A-L40A and GvpB-S9G-R31L-R85L as

the top-performing variants.

Non-destructive multiplexed imaging of two ARG types

Finally, we sought to achieve nondestructive multiplexing of multiple GV types. For the two best-
performing mutants from our screen, Ana-GvpA-T6A-L40A and Mega-GvpB-S9G-R31L-R85L
(Figure 3-5A), we characterized their nonlinear acoustic signal as a function of the US pressure
applied (Figure 3-5B), and observed that the pressure-response curves they produced were non-

overlapping when normalized. This difference suggested that they were candidates for a pressure-
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used in the second round of evolution. The best two mutants of Anabaena flos-aquae gvpA were used as
parents for another scanning site saturation library, and the best ten mutants of Bacillus megaterium gvpB
were used to create a paired recombination library. (C-D) Nonlinear US difference signal-to-background ratio
(SBR) from all screened mutants of both clusters. Red lines indicate the difference SBR of the WT for that
cluster. N=3 technical replicates of one biological sample. (E-F) Nonlinear US difference SBR for the WT and
top ten mutants for each cluster. Error bars represent standard error. (G-H) Locations of mutations from the
top mutants from E-F in the GvpA/GvpB structure.

domain multiplexing approach, in which a spectral unmixing technique is used to discriminate
between distinct species within a mixed population based on their characteristic spectral
“fingerprints.”2 We imaged samples of each ARG type both separately and mixed in a 1:1 ratio; to
unmix their signals, we used a pressure spectral unmixing paradigm previously described,2 but
modified it to use a differential nonlinear turn-on matrix rather than a differential collapse matrix to
discriminate between ARG types. Using this approach, we were able to separate the signals from
these ARG types with moderate accuracy (Figure 3-5C) without the need for ARG collapse.
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Non-destructive multiplexing of two ARG types. Row titles indicate the predicted species in the image, and
column titles indicate the ground truth species.
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3.4 Discussion

Our results establish the first ever method for high-throughput, semi-automated acoustic screening
of biomolecules expressed in cells. When used to evolve two ARG clusters—those from Anabaena
flos-aquae and Bacillus megaterium—this method yielded a pair of ARG constructs which not only
show considerable improvements in their nonlinear acoustic scattering, but which also enabled—

for the first time—the nondestructive multiplexed imaging of multiple ARG types in a single sample.

These results represent a major advance in the way that acoustic biomolecules can be engineered.
In the same way that high-throughput screening tools like plate readers and flow cytometry
revolutionized the engineering of fluorescent proteins and the many sensors derived from them
(e.g., those for ions, small molecules, and membrane voltage) by dramatically increasing the sizes
of the libraries that can be screened in these experiments, so too will the increased throughput,
reliability, and standardization introduced by the Acoustic Plate Reader enable the engineering of

next-generation ARGs and their derivatives (e.g., sensors of proteases, pH, and Ca?*).

The constructs evolved in this study not only show considerably higher nonlinear scattering when
expressed in E. coli than their parents, but they also have properties that make them compatible
with non-destructive pressure-domain multiplexing: their levels of nonlinear scattering are similar
to each other, and the optimal US pressure for imaging the Mega-GvpB-S9G-R31L-R85L does not
substantially collapse Ana-GvpA-T6A-L40A. Previous approaches to pressure-domain multiplexing
of ARGs were based on linear scattering and required ARG collapse,2 making them incompatible
with in vivo imaging or long-term monitoring of ARG signal; further, these demonstrations were
performed on purified and concentration-enriched GVs, rather than on genetically encoded ARGs
imaged in situ inside cells. This new nondestructive multiplexing capability, if extended to in vivo
imaging contexts, will enable discrimination between bacterial and mammalian cells in close
proximity, such as in a bacterially-colonized tumor, and between different strains of engineered
bacteria in a consortium.2%=22 Finally, the high collapse pressure of Mega-GvpB-S9G-R31L-R85L
ARGs will make them useful for acoustic cell sorting applications, in which high US pressures are

used to separate ARG-expressing cells from non-expressing cells. !

While these evolved constructs represent substantial improvements over their parents, further
improvements are required for some of their most exciting applications to be realized. First, both
ARGs could benefit from further improvements in nonlinear contrast; this will likely be achieved
through a combination of protein engineering (including not only the structural proteins engineered
in this study, but also the assembly factors that assist in GV formation) and expression tuning (ORI,
RBSs, and promoter) aimed at increasing both the amount of nonlinear contrast produced per GV

and the number of GVs produced per cell. Second, the mutational stability of these constructs will
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likely need to be improved for them to be useful in vivo where selection antibiotics are usually not
available at sufficient concentrations. The primary strategies used to increase the stability of
bacterial expression constructs in vivo are chromosomal integration and inclusion of plasmid
stability elements such as toxin/antitoxin or plasmid partitioning systems; while the latter can be
easily added to plasmids bearing these ARGs, chromosomal integration will likely prove
problematic because of the substantial decrease in copy number when moving from a medium-
copy plasmid (~40 copies/cell in this case) to chromosomal integration (1-3 copies/cell). This
change will likely necessitate further tuning of expression levels of all proteins in these clusters at
both the transcriptional (via promoter tuning) and translational (via RBS tuning) levels; fortunately,
high-throughput cloning methods such as MoClo and simplified systems for chromosomal
integration enable the rapid generation of these constructs and cell lines, and when combined with
the increased screening throughput offered by the Acoustic Plate Reader will greatly accelerate
these and other engineering efforts. Third, the addition of a third ARG species multiplexable with
the current two will enable labeling of an additional cell population; however, using the current
pressure-domain multiplexing approach, care must be taken to avoid collapsing the species that
buckle at low pressures while imaging those that buckle at higher pressures. To this end, the ideal
ARG type for pressure-domain multiplexing is one that can buckle in a wide range of pressures
without collapsing; fortunately, this phenotype can be easily screened for using the existing
Acoustic Plate Reader imaging functions. Finally, it will be interesting to test these constructs in
vivo: for example testing both mutants in tumor-homing bacteria (e.g., E. coli Nissle 1917 and
Salmonella enterica serovar Typhimurium) colonizing a tumor, or testing Ana-GvpA-T6A-L40A in
mammalian cells to assess its acoustic and expression performance relative to the current

mMARGana, which is based on the wild type Anabaena flos-aquae cluster.

This method will help high-throughput protein engineering to play as large a role in the engineering

of acoustic biomolecules as it has in the development of their fluorescent counterparts.

3.5 Methods

Plasmid construction via MoClo

The EcoFlex MoClo system32 was used to create all vectors cloned in this study, including existing
parts (Addgene Kit # 1000000080) and custom-made parts (Table 2). Custom-made parts were
introduced into the existing EcoFlex system as follows: 1) ORIs were selected from the pSC101-
varX series34; promoters were selected from the Marionette series3%; RBSs were selected from the
MCDX series®; terminators were selected from the ECK and LXSXPX series®’; 2) parts were either

synthesized as fragments (Twist Bioscience) and subsequently PCRed using Q5 (NEB), or
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synthesized as duplex oligos (IDT); 3) parts were cloned into the corresponding part acceptor
vector (Table 2) via Golden Gate to ensure that they received the appropriate assembly overhangs.
EcoFlex assemblies were conducted as described in Supplementary Note 1 and electroporated
into NEB Stable E. coli (except for the MetClo-based library acceptor vectors, which were
transformed into DH10B-M.Osp8071128). Transformations were recovered for 2 hr in 1 mL of SOC
at 37°C and 250 RPM, and plated on Petri dishes containing Lennox LB with 1% agar, 100 ug/mL
kanamycin, and 1% glucose (for catabolite repression of the PBAD promoter). Colonies were
picked into 1.5 mL liquid cultures of Lennox LB with 100 ug/mL kanamycin and 1% glucose in 96-
well format and grown overnight to saturation. These cultures were then miniprepped using
reagents and a protocol from Qiagen, a lysate clearing plate from Bio Basic (SD5006), and a DNA-
binding plate from Epoch Life Sciences (2020-001). All constructs were verified by whole-plasmid

sequencing (Primordium Labs).

Liquid culture GV expression in E. coli

GVs were expressed in E. coli liquid cultures in 96-well format according to the following general
protocol, with modifications for specific experiments described below.

Miniprepped DNA was electroporated into NEB Stable E. coli, and transformations were recovered
for 2 hr at 37°C in 1 mL of SOC. Transformations were then inoculated at a dilution of 1:100 into
autoinduction Lennox LB containing 100 pg/mL kanamycin, 0.6% glycerol, and the appropriate
concentrations of glucose and inducer for the experiment (see below). These expression cultures
were set up in 500 uL volumes in deep-well 96-well plates (square wells used for maximum culture
aeration; USA Scientific 1896-2800) sealed with porous tape (Qiagen 19571) and incubated at
37°C and 350 RPM for 20 hr. Cultures were stored at 4C until being loaded into phantoms for
Acoustic Plate Reader scans. For the concentrations of glucose and arabinose described below,
in experiments where titrations were used, 100X stocks of these sugars were prepared in 1X PBS

and diluted 1:100 into the cultures when setting up the experiments.

The following concentrations were used for the ORI titration experiments shown in Fig. 3-2A-D:
glucose: 0.25%; arabinose: 0, 0.0005, 0.001, 0.00155, 0.0025, 0.005, 0.01, 0.0155, 0.025, 0.05,
0.1, 0.25%.

The following concentrations were used for the parent expression optimization experiments shown
in Fig. 3-2E-H: glucose: 0, 0.1, 0.2, 0.3, 0.4, 0.5%; arabinose: 0, 0.0005, 0.001, 0.005, 0.01, 0.05,
0.1, 0.25%.
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The following modifications were made for the library screening experiments shown in Fig. 3-3A-C
and 3-4A-C: 1) assembled libraries were transformed multiple times into NEB Stable E. coli, and it
was ensured that the number of transformants produced was at least 100X the number of unique
sequences expected in the library; 2) prior to expression in liquid culture, libraries were expressed
in solid culture as colonies on Lennox LB with 100 ug/mL kanamycin, 0.6% glycerol, 0.25% glucose,
and 0.05% arabinose at a density of ~100 colonies/dish. Colonies were grown for 48 hr at 37°C,
and 380 opaque colonies were picked for each library, as well as 4 colonies for the library’s parent,
into the wells of 96-well PCR plates containing 100 uL of Lennox LB with 100 pg/mL kanamycin
and 1% glucose, and grown to saturation overnight at 30°C. These saturated liquid cultures, rather
than transformations, were used to set up expression cultures as described above; 3) 0.25%

glucose, and 0.05% arabinose were used to induce expression in these experiments.

The following concentrations were used for the mutant expression experiments shown in Fig. 3-
3E-H and 3-4E-H: glucose: 0.25%; arabinose: 0.05%.

The following concentrations were used for the multiplexing experiments shown in Fig. 3-5A-B:

glucose: 0.25%; arabinose: 0.05%.

Scanning site saturation and recombination library generation

Scanning site saturation libraries were generated via a Golden Gate-based version of the cassette
mutagenesis strategy previously described.2 Briefly, the Anabaena flos-aquae GvpA and Bacillus
megaterium GvpB coding sequences were divided into sections that tiled the gene, and oligos were
designed to have a variable middle region with flanking constant regions against which PCR
primers were designed (these primers also contain the evSeq® inner adapters for optional deep
sequencing of the library). Depending on the library being created (i.e., scanning site saturation or
recombination), the variable region was designed to either sequentially saturate each residue or
recombine pairs of the mutations listed in Fig. 3-4b (mutations identified during screening of the
first round of scanning site saturation GvpB). The MATLAB scripts used to generate the oligo
sequences for both the scanning site saturation and recombination libraries are available in
Supplementary Code 1, and the oligo sequences themselves are listed in Table 1. Oligos were
synthesized as a pool by Twist Biosciences or Integrated DNA Technologies, and were amplified
by PCR (both to make them double-stranded and to generate enough DNA for Golden Gate
assembly) using KAPA HiFi HotStart ReadyMix according to the manufacturer’s instructions, but
with 10 cycles, 100 ng of oligo pool template, and 1 uM of each primer. PCR products were run on
a 2% agarose gel and purified using Qiagen reagents according to the manufacturer’s instructions,
but with a 5 uL final elution volume of water. Fragments were then assembled with the

corresponding library acceptor vector (Table 2) in a Golden Gate reaction using reagents from New
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England Biolabs according to the manufacturer’s instructions. Assemblies were then expressed

(first in solid culture and then in liquid culture) according to the protocol above.

Acoustic plate reader scans

The general protocol for preparing and scanning liquid cultures samples of GV-expressing E. coli
in 96-well format is described in Fig. 3-S1 and the corresponding figure caption. Detailed
instructions on how to build and use this system, as well as troubleshooting and bug-reporting

information, are provided at https://github.com/shapiro-lab/acoustic-plate-reader.

The specific ultrasound pulse sequence parameters used for collecting the data shown in each

figure are presented in Table 3.

Validation of best mutants

Selected mutants from each library were miniprepped and sequenced as described above. Unique
mutants were then re-cloned using MoClo (see above) before undergoing validation testing to avoid
the possibility that these plasmids accrued expression-reducing mutations during the GV
expression steps performed during library screening. To prepare fragments for these MoClo
assemblies, gvpA/gvpB mutant CDSs were PCRed using the primers described in Table 4 (which
were selected based on the sequence of the mutant being amplified) and prepared for Golden Gate
assembly as described above.

ODG600 measurements

OD 600 culture measurements were performed on a Tecan Spark plate reader using the
“Absorbance” protocol with the following settings: 600 nm measurement wavelength, 10 flashes,
50 ms settle time. Measurements were collected for 200 uL of culture and normalized to a 1 cm

path length using the built-in “Pathlength Correction” feature.

Nondestructive multiplexed imaging of two ARG types

Ana-T6A-L40A and Mega-S9G-R31L-R85L ARGs were expressed in liquid culture as described
above, with 0.25% glucose and 0.05% arabinose used to induce expression. Samples were loaded
into phantoms and scanned in the Acoustic Plate Reader using the imaging parameters described
in Table 3. See Supplementary Note 2 for the details of the spectral unmixing paradigm used to

separate the two ARG types.
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Figure 3-S1. Detailed diagram of the acoustic plate reader workflow. (A) GVs are expressed in E. coli as
colonies on Petri dishes for 48 hr at 37°C, then colonies are picked into LB and grown to saturation in liquid
culture for 24 hr at 37°C. These saturated liquid cultures are then diluted 1:100 into autoinduction LB and
expressed for 24 hr at 37°C in 500 uL cultures in deep-well 96-well plates (square wells used for maximum
culture aeration; USA Scientific 1896-2800). Aliquots of these cultures are aliquoted into an un-skirted 96-well
PCR plate for subsequent loading into phantoms. (B) A solution of 2% Ultrapure Agarose (Invitrogen,
16500500) is prepared in 1X PBS and incubated at 60C for at least 12 hr to degas. Agarose phantoms are
then made by pouring 75 mL of this solution into a 96-well phantom mold and incubating at 4C for 10 min. (C)
A solution of 1% low-melting-temperature agarose (Goldbio, A-204-100) is prepared in 1X PBS and incubated
at 60C for at least 12 hr to degas. This solution is then aliquoted into an un-skirted 96-well PCR plate to be
used for phantom loading. (D) Phantoms from B are loaded by placing the 96-well PCR plates from A and C
into 96-well heat block at 42C, and combining equal volumes of culture and agarose before pipetting into the
empty phantom. (E) Phantoms from D are scanned using the acoustic plate reader, which generates US data
for each sample and can image up to 12 96-well phantoms in a single scan.
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Figure 3-S2. Details of gvpA/gvpB mutant library construction and screening. (A) Overview of workflow
for creating either scanning site saturation or recombination libraries. (B) Details of library assembly via a
Golden Gate-based version of cassette mutagenesis (see Methods).
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Supplementary Note 1: Golden Gate reactions
Master mix recipes

Component Amount per reaction | Stock concentration (NEB) | For 66 reactions
T4 Ligase Buffer |1 uL 10X 66 uL

Hi-T4 DNA Ligase | 500 U 400 U/uL 83 uL

BsmBI-v2 15U 10 U/uL 100 uL

Water to5uL 81 uL
Component Amount per reaction | Stock concentration (NEB) | For 66 reactions
T4 Ligase Buffer |1 uL 10X 66 uL

Hi-T4 DNA Ligase | 500 U 400 U/uL 83 uL
Bsal-HF-v2 15U 20 U/uL 50 uL

or

Bbsl-HF

Water to5uL 131 uL

To set up reactions, combine 75 ng of the backbone part with 150 ng of each insert part in a PCR
tube with 5 uL of the appropriate master mix and fill to 10 uL with water. Miniprepped parts give
higher assembly efficiencies than linear PCR products.

Golden Gate thermocycler protocol
20 min 37/42°C

3 minutes 37/42°C

4 minutes 16°C

Cycle 2-3 x30

10 minutes 50°C

10 minutes 80°C

Hold 4°C
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Chapter 4

GENOMICALLY MINED ACOUSTIC REPORTER GENES FOR REAL-TIME IN
VIVO MONITORING OF TUMORS AND TUMOR-HOMING BACTERIA

Hurt R.C.*, Buss M.T.*, Duan M.*, Wong K., You M.Y., Sawyer D.P., Swift M.B., Dutka P., Barturen-
Larrea P., Mittelstein D.R., Jin Z., Abedi M.H., Farhadi A., Deshpande R., Shapiro M.G. "Genomically
mined acoustic reporter genes for real-time in vivo monitoring of tumors and tumor-homing
bacteria.” Nature Biotechnology. 2023. DOI: 10.1038/s41587-022-01581-y

This chapter is a reformatted version of the above publication. My contributions to the work were
conceiving and performing the genomic mining portion of the study, analyzing data, and writing the
paper together with my co-lead authors.

4.1 ABSTRACT

Ultrasound allows imaging at a much greater depth than optical methods, but existing genetically
encoded acoustic reporters for in vivo cellular imaging have been limited by poor sensitivity,
specificity, and in vivo expression. Here, we describe two acoustic reporter genes (ARGs)—one for
use in bacteria and one for use in mammalian cells—identified through a phylogenetic screen of
candidate gas vesicle gene clusters from diverse bacteria and archaea, that provide stronger
ultrasound contrast, produce nonlinear signals distinguishable from background tissue, and have
stable long-term expression. Compared to their first-generation counterparts, these second-
generation bacterial and mammalian ARGs produce 83-fold and 38-fold stronger nonlinear contrast.
Using the new ARGs, we noninvasively image in situ tumor colonization and gene expression in
tumor-homing therapeutic bacteria, track the progression of tumor gene expression and growth in a
mouse model of breast cancer, and perform gene expression-guided needle biopsies of a genetically
mosaic tumor, demonstrating noninvasive access to dynamic biological processes at centimeter
depth.

4.2 Introduction

Basic biological research, in vivo synthetic biology and the development of cell-based medicine
require methods to visualize the functions of specific cells deep inside intact organisms. In this
context, optical techniques based on fluorescent and luminescent proteins are limited by the
scattering and absorption of light by tissue.! Ultrasound is a widely used technique for deep-tissue
imaging, providing sub-100 um spatial resolution and penetrating several cm into tissue.? Super-
resolution methods®# have pushed its spatial resolution below 10 um. Recently, the first genetically
encodable reporters for ultrasound®~’ were introduced based on gas vesicles (GVs)—air-filled protein
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nanostructures encoded by clusters of 8-20+ genes, which evolved as flotation devices in diverse,
mostly aquatic bacteria and archaea.®® The low density and high compressibility of their air-filled
interiors compared with surrounding tissues allow GVs to scatter sound waves and thereby produce
ultrasound contrast when heterologously expressed as acoustic reporter genes (ARGs) in genetically

engineered bacteria® or mammalian cells.”

Despite the promise of first-generation ARGs, their utility for monitoring bacterial or mammalian gene
expression in vivo is limited. Bacterial ARGs® do not scatter ultrasound nonlinearly (making them
difficult to distinguish from background tissues), express poorly at 37°C, and are too metabolically
burdensome for in situ expression in vivo. Likewise, mammalian ARGs’ produce only linear contrast,
and cell-to-cell variability in their expression and burden has limited their use to clonally selected cell
lines stimulated with potent epigenetic reagents. In both cases, the lack of nonlinear signal had to be
circumvented by destructive ultrasound pulse sequences, which destroyed the GVs and limited

dynamic imaging.®

We sought to make acoustic proteins widely useful in in vivo biological research and potential clinical
applications by developing next-generation ARGs that, when expressed heterologously in either
bacteria or mammalian cancer cell lines, could produce GVs with strong nonlinear ultrasound contrast
and enable long-term expression under physiological conditions. We used a genomic mining
approach—previously applied to improving fluorescent proteins'™'4, opsins'®-'" Cas proteins'®2?,
and other biotechnology tools?>2—to identify ARGs with improved properties, which we further
optimized through genetic engineering. By cloning and screening 15 distinct polycistronic operons
chosen from a diverse set of 288 GV-expressing species representing a broad phylogeny, we
identified two GV gene clusters — from Serratia sp. 39006 and Anabaena flos-aquae—that produce
83- or 38-fold more nonlinear acoustic contrast than previously tested clusters when expressed in
several types of bacteria and mammalian cells, respectively. The bacterial ARG adapted from
Serratia sp. 39006 (bARGser), when expressed in the probiotic bacterium E. coli Nissle 1917 (EcN),
enabled noninvasive ultrasound imaging of these bacteria colonizing tumors at depths greater than 1
cm, providing direct visualization of the microscale in vivo distribution of this potential anti-cancer
therapy.?®>-32 The mammalian ARG adapted from Anabaena flos-aquae (MARGana), when expressed
in human breast cancer cells, enabled both the noninvasive, in situ microscale imaging and long-term
monitoring of heterologous gene expression in developing orthotopic tumors at depths greater than
0.7 cm, and the ultrasound-guided biopsy of a genetically defined subpopulation of these tumor cells.
The properties and performance of these improved ARGs should facilitate a wide range of in vivo

research.

4.3 RESULTS
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Figure 4-1: Genomic mining of gas vesicle gene clusters reveals homologs with nonlinear ultrasound
contrast in E. coli. (a) 16S phylogenic tree of known GV-producing organisms, with the species from which GV
genes were cloned and tested in this study indicated by name. See Fig. $1 for the fully annotated phylogenic
tree. B. megaterium and S. coelicolor were not reported to produce GVs, but we tested their GV gene clusters
here based on previous experiments in E. col® and to broadly sample the phylogenetic space. (b) Workflow for
testing GV clusters. Selected GV gene clusters were expressed in BL21(DE3) E. coli by growing patches of cells
on plates containing the inducer IPTG, and the patches were then imaged with nonlinear ultrasound (xAM). (c-
e) Diagrams of the GV gene clusters tested in E. coli (c), differential xAM images of representative patches (d),
and quantification of the differential xAM signal-to-background ratio (SBR) of the patches (n=6 biological
replicates) (e). (f-g) Representative xAM images (f) and quantification of the xAM SBR (n=3 biological replicates,
each with 2 technical replicates; lines represent the mean) (g) for the top 5 GV-producing clusters expressed in
E. coli at 30°C on solid media and normalized to 5 x 10° cells/mL in agarose phantoms, imaged at 1.74 MPa.
See Fig. 4-ED2a-b for the ultrasound signal at varying acoustic pressures and Fig. 4-ED2c for the corresponding
BURST data.

Genomically mined GV gene clusters with improved US contrast

GVs are encoded by polycistronic gene clusters comprising one or more copies of the primary
structural gene gvpA and 7 to 20+ other genes encoding minor constituents, assembly factors or
reinforcing proteins, which together help assemble the GVs’ protein shells.® Starting with a list of
organisms with confirmed GV production and sequenced operons (Supplementary Table 1), we
cloned GV operons from 11 representative species providing a broad sampling of phylogenetic space,
cluster architecture and organismal characteristics (i.e., halophilic, thermophilic and mesophilic) (Fig.

4-1a and Fig. 4-S1).

We expressed each operon in confluent E. coli patches at several temperatures and inducer
concentrations (Fig. 4-1b), comparing them to two bacterial ARG constructs previously shown to
work in E. col® — bARG1 (Anabaena flos-aquae (NCBI:txid315271)/Bacillus megaterium
(NCBI:txid1404) hybrid) and Bacillus megaterium AgvpA-Q, as well as the full Bacillus megaterium
gene cluster (Fig. 4-1c-g, Fig. 4-ED1a-e, Fig. 4-S2a-c, Fig. 4-S3-5). We scanned these patches
using a home-built robotic ultrasound imaging apparatus, applying a cross-propagating amplitude
modulation pulse sequence (XAM).*® This pulse sequence enhances signals specific to nonlinear
contrast agents such as GVs while cancelling linear background scattering. Unlike pulse sequences
that rely on the irreversible collapse of GVs to obtain GV-specific contrast®’-'%, xAM is nondestructive.
In addition, we examined the optical opacity of the patches, which can be increased by sufficient

levels of GV expression.

Of the 15 gene clusters tested, only 3 showed significant xAM signal when expressed at 37°C, and 5
showed significant xAM signal at 30°C (Fig. 4-1, c-e). Even though all operons tested are from
organisms reported to produce GVs in their native hosts, only the Anabaena flos-aquae, B.
megaterium AgvpA-Q, bARG1, Desulfobacterium vacuolatum (NCBI:txid1121400), and Serratia sp.
39006 (Serratia; NCBI:txid104623) clusters produced detectable GVs heterologously in E. coli.
Several other operons produced a small amount of ultrasound contrast under certain conditions,

which did not arise from GV expression but reflected a rough patch morphology likely due to cellular
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toxicity (Fig. 4-S3d). The failure of most tested gene clusters to produce GVs in E. coliis not surprising
given the complexity of polycistronic heterologous expression, which requires each component to fold
and function properly in a new host with a potentially different cytoplasmic environment, growth
temperature and turgor pressure.3*3 In addition, it is possible that some genes included in the

clusters act as cis-regulators,®3*3¢-38 [imiting expression absent a specific trans input, or that some

additional genes are required beyond the annotated operons.
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Figure 4-ED1: Additional images and quantification of E. coli patches expressing select GV gene
clusters. (a-c) xAM images (a), pre-minus-post-collapse XAM images (b), and optical images showing opacity
(c) of patches of E. coli expressing various GV gene clusters from the organisms listed on the left. (d-e)
Quantification of the xAM (d) and pre-minus-post-collapse xAM (e) signals from images in (a-b) (n=6 biologically
independent samples examined in one experiment). SBR, signal-to-background ratio.

In patch format, the strongest acoustic performance was observed with the genes from Serratia,
bARG1, Anabaena flos-aquae, B. megateriaum, and D. vacuolatum. To compare these clusters while
controlling for cell density, we resuspended cells expressing them in hydrogels at equal densities and
imaged them using both xAM (Fig. 4-1, f-g and Fig. 4-ED2, a-b) and a more sensitive but destructive
method called BURST®® (Fig. 4-ED2c), and examined them optically with phase-contrast microscopy
(PCM), which reveals the presence of GVs due to the refractive index difference between GVs and
water*®4! (Fig. 4-ED2d). Three of the clusters produced xAM signals, and all clusters produced
BURST signals significantly stronger than the negative control. All clusters except Anabaena flos-

aquae exhibited sufficient GV expression to be visible by PCM.

Cells expressing the Serratia cluster produced the strongest ultrasound signals, 19.2 dB above the
next brightest cluster, bARG1, under xAM imaging at an applied acoustic pressure of 1.74 MPa: an

83-fold gain in signal intensity (Fig. 4-1f). Additionally, PCM and transmission electron microscopy
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(TEM) images showed that cells expressing the Serratia cluster had the highest levels of GV

expression (Fig. 4-ED2, d-e).
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Figure 4-ED2: Characterization of working GV clusters in BL21(DE3) E. coli. (a-d) xAM signal-to-
background ratio (SBR) as a function of acoustic pressure (a), B-mode SBR at a constant pressure of 0.15 MPa
after each increase in acoustic pressure in a (b), BURST SBRs and corresponding representative images (c),
and representative phase contrast microscopy (PCM) images (from at least n=3 biological replicates) (d) of the
working GV clusters expressed in BL21(DE3) E. coli at 30°C on solid media. For ultrasound imaging (a-c),
samples were normalized to 5 x 10° cells/mL in agarose phantoms. Curves and error bars represent the mean
(n=3 biological replicates each with 2 technical replicates) + SD. (a-b) have the same legend. GV clusters in cells
are visible by PCM for all clusters except for the cluster from Anabaena flos-aquae and the fluorescent protein
(FP) control (d). (e) Representative TEM images of BL21(DE3) E. coli cells expressing Serratia GVs at varying
levels of expression (from n=17 images from a single sample). Scale bars are 5 ym in (d) and 500 nm in (e).

Because overexpression of any protein imposes a metabolic demand on the host cell,** we
reasoned that deletion of non-essential genes could improve GV expression from the Serratia cluster,
and therefore the xAM signal. Previous work showed that deletions of gvpC, gvpW, gvpX, gvpY,
gVvpH, or gvpZ preserve GV formation in the native organism.3* We tested these deletions, as well as
the deletion of an unannotated hypothetical protein (Ser39006_001280) (Fig. 4-S6a). When
expressed in E. coli, deletions of gvpC, gvpH, gvpW, gvpY, or gvpZ reduced or eliminated xAM signal
(Fig. 4-S6, b-c) and patch opacity (Fig. 4-S6d). Deletion of gvpX increased xAM signal but decreased
opacity, and deletion of Ser39006_001280 increased both xAM signal and opacity. Based on these
results, we selected the Serratia ASer39006 001280 operon for subsequent in vitro and in vivo
experiments. We call this genetic construct bARGser — a bacterial acoustic reporter gene derived from

Serratia.

bARGser shows robust performance in E. coli Nissle

We transferred bARGser into EcN, a strain of E. coli that is widely used in in vivo biotechnology
applications due to its ability to persist in the gastrointestinal (GI) tract and colonize tumors**#7 and
deliver anti-tumor therapy.?*-2 We tested three different inducible promoter architectures and found
that the L-arabinose-inducible pBAD promoter provided the most robust control over GV expression
without obvious burden at 37°C (Fig. 4-2, a-b, Fig. 4-ED3). To enable the the pBAD-bARGser plasmid
to be maintained without antibiotic selection, as required in certain in vivo applications, we added the
toxin-antitoxin stability cassette Axe-Txe.*® This allowed the plasmid to be maintained in EcN for up
to 5 days of daily sub-culturing in liquid media without antibiotics, both with and without ARG induction
(Fig. 2c).

The expression of most heterologous genes, including widely used fluorescent proteins (FPs), results
in some degree of metabolic burden on engineered cells.**444° Consistent with this expectation, the
induction of pBAD-bARGser ECN resulted in reduced colony formation to an extent similar to the
expression of a FP (Fig. 4-ED4, a,c), culture optical density remained relatively unchanged (Fig. 4-
ED4, b,d). The growth curves of induced bARGse-expressing and FP-expressing EcN were
indistinguishable during the log phase (0 to 5 hours), indicating that the two strains have similar growth

rates (Fig. 4-ED4e). Collectively, these results suggest that pBAD-driven expression of bARGser in
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EcN is not more burdensome than that of FPs, which are widely accepted as relatively non-

perturbative indicators of cellular function.
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Figure 4-2: Expression of bARGs., in E. coli Nissle (EcN) and acoustic characterization in vitro. (a)
Diagram of the arabinose-inducible construct pBAD-bARGs.r used to express bARGser in ECN (top), and optical
and xAM images of bARGse-expressing or FP-expressing patches of ECN on solid media with varying L-
arabinose concentrations (bottom). Scale bar is 1 cm. See Fig. 4-ED3 for corresponding results with IPTG-
inducible and aTc-inducible constructs. (b) Quantification of xAM SBR of patches from (a) versus the L-arabinose
concentration (n=8). (c¢) Diagram of the construct from (a) with Axe-Txe*® added, creating pBAD-bARGser
AxeTxe, to enable plasmid maintenance in the absence of antibiotics (top), and verification of plasmid
maintenance (bottom). Conditions were with chloramphenicol (+chlor), without chloramphenicol (-chlor), or
without chloramphenicol and with 0.1% L-arabinose (-chlor +L-ara) using pBAD-bARGse-AxeTxe EcN (n=4). (d)
xAM SBR as a function of transmitted acoustic pressure. (e-f) xAM (e) and parabolic B-mode (f) SBRs measured
over time when the transmitted acoustic pressure was increased every ~70 sec and the pulse repetition rate was
86.8 Hz. For (d-f), cells were induced with 0.1% L-arabinose for 24 hours. Bold lines represent the mean and thin
lines represent + standard deviation; n=3 biological replicates, each with 2 technical replicates. (g-h) xAM
ultrasound SBR (g) and corresponding representative images (p values: 0.519494, 0.240386, 0.000120555,
6.818737e-5, 3.683585e-5, 2.325819e-5) (h) at several time points after inducing with 0.1% L-arabinose. (i-j)
xAM SBR (i) and corresponding representative images (j) after inducing with varying L-arabinose concentrations
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for 24 hours. (k-1) xAM SBR (p values: 0.699456, 0.0568424, 0.597418, 0.00906739, 0.00046697, 0.000456979,
4.937128e-6, 0.000183889, 1.708183e-5) (k) and corresponding representative images (I) of varying
concentrations of cells induced for 24 hours with 0.1% L-arabinose in liquid culture. For (h, j, 1) scale bars are 2
mm. For (d+j), cells were grown in liquid culture and normalized to 10° cells/mL for ultrasound imaging. For (g, i,
k), each point is a biological replicate (n=4 for g and i; n=3 for k) that is the average of at least 2 technical
replicates. Curves represent the mean for b-k. Asterisks represent statistical significance by two-tailed, unpaired
Student’s t-tests (**** = p<0.0001, *** = p<0.001, ** = p<0.01, ns = no significance).
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Figure 4-ED3: Testing bARGs. expression in EcN with IPTG- and aTc-inducible gene circuits. (a) Diagram
of the IPTG-inducible construct used to express bARGser in ECN (top), and representative optical and xAM
images of bARGse-expressing or fluorescent protein (FP)-expressing patches of EcN on solid media with varying
IPTG concentrations at 37°C (bottom). (b) Quantification of the xAM SBR of all patches from the experiment in
(a) (n=8 biologically independent samples examined in one experiment; curves represent the mean). (c-d) Same
as in (a-b) but for the aTc-inducible construct. The scale bars in (a,c) represent 1 cm.

To further examine the genetic stability of bARGser constructs, we plated cells from daily sub-cultures
onto agar with 0.1% (w/v) L-arabinose and examined colony opacity (Fig. 4-ED4f) as a measure of
retained GV expression. Of a total of 3824 colonies, nearly all were opaque (Fig. 4-ED4f), with GV
expression confirmed by PCM and TEM (Fig. 4-ED4, g-h). Only 11 colonies (<0.3% after ~35 cell
generations) exhibited a mutated phenotype with reduced opacity and GV production (Fig. 4-S7, a-
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b). These results indicate that mutational inactivation of GV production is not a major issue for pBAD-

bARGser-AxeTxe EcN under typical conditions.

After establishing construct stability, we characterized the acoustic properties of bARGser-expressing
EcN. For cells induced in liquid culture for 24 hours and suspended at 10° cells/mL in agarose
phantoms, an xAM signal was detected at acoustic pressures above 0.72 MPa, rising with increasing
pressure up to the tested maximum of 1.74 MPa (Fig. 4-2d). The signal remained steady over time
at pressures up to 0.96 MPa, above which we observed a slow decrease that followed an exponential
decay (Fig. 4-2e, Fig. 4-S8, Supplementary Note 2), indicating that some of the GVs gradually
collapsed despite sustained high xAM signals. We also imaged the cells with parabolic pulses, which
can transmit higher pressures than xAM, and thus can be helpful in vivo to compensate for attenuation
at tissue interfaces. When imaged with parabolic B-mode, the GVs started to collapse slowly at 1.02
MPa and more rapidly at 1.33 MPa and above (Fig. 4-2f). Based on these results, we chose an
acoustic pressure of 1.29 MPa for xAM and 1.02 MPa for parabolic AM (pAM) in subsequent

experiments to obtain the strongest signals while minimizing GV collapse.

Next, to characterize the sensitivity and dynamics of ultrasound contrast in bARGser-expressing EcN,
we measured xAM signal as a function of induction time, inducer concentration, and cell
concentration. At a density of 10° cells/mL, xAM signal could first be observed 7 hours after induction
with 0.1% L-arabinose and leveled off by 9 hours post-induction (Fig. 4-2, g-h). Keeping the induction
time constant at 24 hours while varying the L-arabinose concentration, GV expression was detected
with as little as 0.001% L-arabinose, and the highest ultrasound signal was observed for 0.1-1% L-
arabinose (Fig. 4-2, i-j). When cells induced for 24 hours with 0.1% L-arabinose were diluted, they
were detectable by ultrasound down to 107 cells/mL (Fig. 4-2, k-l). Critically, this detection was
achieved non-destructively with nonlinear imaging, compared to previous bacterial ARGs, which
required a destructive linear imaging approach.® The bARGser XAM signal was proportional to the cell
concentration between 107 cells/mL and 2 x 10° cells/mL (Fig. 4-2, k-1). We also imaged the cells
using BURST, which provides greater sensitivity at the cost of collapsing the GVs.'® BURST imaging
detected bARGser expression as early as 3 hours post-induction (Fig. 4-ED5, a-b), with as little as
0.001% L-arabinose (Fig. 4-ED5, c-d), and at a density as low as 10° cells/mL (Fig. 4-ED5, e-f).

Taken together, our in vitro experiments indicated that the reporter gene construct pPBAD-bARGser-
AxeTxe is robust and stable in EcN and enables gene expression in these cells to be imaged with
high contrast and sensitivity. Similar results were obtained in an attenuated strain of Salmonella
enterica serovar Typhimurium (Fig. 4-ED6), another species used in bacterial anti-tumor
therapies.5%
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Figure 4-ED4: Effect of induction on viability and ODggo for bARGse-expressing EcN in liquid culture. (a-
b) Colony forming units (CFU) per mL of culture (a) and optical density at 600 nm (b) during daily sub-culturing
into LB media with 25 pg/mL chloramphenicol (+chlor), without chloramphenicol (-chlor), or without
chloramphenicol and with 0.1% (w/v) L-arabinose (-chlor +L-ara) using pBAD-bARGse-AxeTxe EcN. Curves
represent the mean of n=4 biological replicates. (c-d) Colony forming units (CFUs) per mL of culture on
chloramphenicol plates (c) and optical density at 600 nm (p values from left to right: 0.0638556, 1.019913e-6,
0.0217493, 3.800448e-6) (d) of pBAD-bARGse-AxeTxe EcN and pBAD-FP-AxeTxe EcN cultures 24 hours after
sub-culturing into LB media with the same conditions as in (a-b) and in Fig. 4-2c. Asterisks indicate statistical
significance by two-tailed, unpaired Student’s t-tests (**** = p < 0.0001, * = p < 0.05, ns = no significance); n=4
biological replicates. (e) ODgoo versus time after inducing pBAD-bARGse-AxeTxe and pBAD-FP-AxeTxe EcN
strains with 0.1% (w/v) L-arabinose in liquid culture at 37°C (n=4 biological replicates). Between 5 and 24 hours
post-induction, when the ODgqo of all cultures decreased, the ODsoo of FP-expressing cultures was slightly higher
than that of the bARGser-expressing cultures, likely due to expression of red fluorescent protein which is known
to absorb light at 600 nm.5? (f) Representative image of colonies from the experiment in Fig. 4-2c on
chloramphenicol plates with (right) and without (left) 0.1% L-arabinose. The opacity of the colonies on plates with
L-arabinose indicates bARGser expression and was used to screen for mutants deficient in bARGser expression
(see Fig. 4-S7). (g-h) Representative phase contrast microscopy (from n=4 biological replicates) (g) and
transmission electron microscopy (from n=23 images taken of a single sample) (h) images of pBAD-bARGs-
AxeTxe EcN cells grown on plates with 0.1% (w/v) L-arabinose at 37°C. Scale bars are 10 pm (g) and 500 nm
(h). Curves and lines represent the mean for a-e.
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Figure 4-EDS5: In vitro characterizations of bARGs-expressing EcN with BURST ultrasound imaging. (a-
b) BURST ultrasound signal-to-background ratio (SBR) versus time after inducing pBAD-bARGs~AxeTxe and
pBAD-FP-AxeTxe EcN strains with 0.1% L-arabinose in liquid culture at 37°C (p values from left to right:
9.866231E-05, 0.00019939, 5.648535E-09, 9.858233E-09, 1.069657E-07, 1.161991E-09) (a) and the
corresponding representative BURST images (b). (c-d) BURST ultrasound SBR versus L-arabinose
concentration used to induce pBAD-bARGse-AxeTxe EcN in liquid culture at 37°C for 24 hours (c) and the
corresponding representative BURST images. (e-f) BURST ultrasound SBR versus concentration of pBAD-
bARGse-AxeTxe or pBAD-FP-AxeTxe EcN cells induced for 24 hours at 37°C with 0.1% L-arabinose in liquid
culture (p values from left to right: 0.420535, 0.00261501, 0.000335619, 1.899074E-05, 2.348183E-086,
2.055919E-07, 2.793374E-06, 9.045661E-06, 1.487459E-05) (e) and the corresponding representative BURST
images (f). Note that the BURST SBR saturated at 7 hours post-induction, 0.01% (w/v) L-arabinose, and 102
cells/mL. All scale bars are 2 mm. For (a-d), cells were normalized to 10° cells/mL in agarose phantoms for
ultrasound imaging. For (a, c, e), each point is a biological replicate (n=4 for a and c; n=3 for e) that is the average
of at least 2 technical replicates and curves indicate the mean. Asterisks represent statistical significance by two-
tailed, unpaired Student’s t-tests (**** = p<0.0001, *** = p<0.001, ** = p<0.01, ns = no significance).

bARGser enables in situ imaging of tumor-colonizing bacteria

To test the ability of bARGser to image the colonization and microscale distribution of bacteria inside
tumors, we formed subcutaneous MC26 tumors in mice and intravenously injected EcN cells
containing the pBAD-bARGse-AxeTxe plasmid. Three days after injecting the bacteria, we induced
GV expression and imaged the tumors with ultrasound, visualizing the tissue to a depth of 0.6 cm
(Fig. 4-3a). In all tumors colonized by bARGser-expressing EcN, we observed pAM, BURST, and xAM
contrast one day after induction with L-arabinose (Fig. 4-3b and Fig. 4-ED7a). The signals were
localized to the core of the tumor and concentrated at the interface between live and necrotic tissue,
where the EcN primarily colonized, as confirmed with subsequent tissue histology (Fig. 4-3f-1 and
Fig. 4-S9). This biodistribution reflects the immune-privileged environment of the necrotic tumor

core.46:53

After applying 3 MPa of acoustic pressure throughout the tumor to collapse the GVs, we re-injected
the mice with L-arabinose, and found that similar ultrasound signals could be re-expressed in all
tumors colonized by bARGser-expressing EcN (Fig. 4-3c and Fig. 4-ED7b), showing that bARGser
can be used to visualize dynamic gene expression at multiple timepoints. Absent L-arabinose
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induction, no xAM or pAM ultrasound signals were observed from bARGser-containing EcN (Fig. 4-

3d and Fig. 4-ED7c); likewise, no xAM or pAM ultrasound signals were seen in tumors
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Figure 4-ED6: bARGs., expression and acoustic characterization in Salmonella enterica serovar

Typhimurium. (a) Representative phase contrast microscopy image of bARGse-expressing S. Typhimurium
cells (n=4 biological replicates). (b) xAM SBR as a function of transmitted acoustic pressure for bARGge-
expressing and FP-expressing S. Typhimurium cells. (c) xAM SBRs measured over time when the transmitted
acoustic pressure was increased approximately every 70 sec as indicated by the numbers above the curve for
bARGse-expressing S. Typhimurium. Ultrasound was applied at a pulse repetition rate of 86.8 Hz. For (a-c),
pBAD-bARGse-AxeTxe S. Typhimurium cells were induced with 0.1% (w/v) L-arabinose for 24 hours at 37°C in
liquid culture, and were then diluted to 10° cells/mL in agarose phantoms for ultrasound imaging. Bold lines
represent the mean and thin lines represent + standard deviation; n=3 biological replicates, each with 2 technical
replicates. (d-g) xAM ultrasound SBR (d) and corresponding representative ultrasound images (e), and BURST
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SBR (f) and corresponding representative images (g), using varying L-arabinose concentrations to induce pBAD-
bARGse-AxeTxe S. Typhimurium in liquid culture at 37°C for 24 hours. (h-k) xAM ultrasound SBR (h) and
corresponding representative ultrasound images (i), and BURST SBR (j) and corresponding representative
images (k), of varying concentrations of pBAD-bARGse-AxeTxe or pBAD-FP-AxeTxe S. Typhimurium cells
induced for 24 hours at 37°C with 0.1% (w/v) L-arabinose in liquid culture. Scale bars represent 5 umin (a) and
2mmin (e, g, i, k). For (d-g), cells were diluted to 10° cells/mL in agarose phantoms for ultrasound imaging. For
(d, f, h, j), each point is a biological replicate (n=4 for d and f; n=3 for h and j) that is the average of at least 2
technical replicates, and curves represent the mean. All ultrasound imaging in this figure was performed with an
L22-14vX transducer.

colonized by FP-expressing EcN (Fig. 4-3e,j and Fig. 4-ED7, d-e). Low levels of BURST signal were
observed in uninduced animals (Fig. 4-3k), likely due to small amounts of L-arabinose present in the

diet combined with BURST imaging’s high sensitivity.

To quantify tumor colonization, on day 20 of the experiment we plated tumor homogenates on
selective media. Tumors from all groups of mice contained more than 7 x 108 CFU/g tissue (Fig. 4-
3I), indicating that the EcN can persist in tumors at high levels for at least 6 days after IV injection
regardless of bARGser expression, collapse, and re-expression. The somewhat higher density of FP-
expressing EcN suggests that maintenance of the smaller pBAD-FP-AxeTxe plasmid (7.2 kb versus
23.2 kb for pPBAD-bARGse-AxeTxe), which would impose less burden on the cell,>*5" may be easier
in this in vivo context where oxygen and other nutrients are limited. Negligible mutational silencing

was observed in EcN plated from tumor samples (Fig. 4-S10, a-c).

Taken together, our in vivo experiments with ECN demonstrate that bARGser expression enables
stable, non-destructive acoustic visualization of the microscale distribution of these probiotic agents

in a therapeutically relevant context.

GV gene cluster with nonlinear contrast in mammalian cells

Next, we developed second-generation ARGs for mammalian cells. The first-generation mammalian
ARGs were based on the GV gene cluster from B. megaterium (referred to here as MARGMega).
MARGwmega expression could only be detected with destructive collapse-based imaging due to a low
level of GV expression and the lack of nonlinear contrast.” Moreover, successful use of MARGwega as
a reporter gene required monoclonal selection of transduced cells and their treatment with a broadly-
acting histone deacetylase inhibitor’. Seeking mARGs that are expressed more robustly and produce
nonlinear contrast, we cloned mammalian versions of the genes contained in each of the three
clusters that produced nonlinear signal in E. coli at 37°C: Serratia, Anabaena flos-aquae, and
Anabaena flos- aquae/B. megaterium (Fig. 4-1d-e). Equimolar transient cotransfections of the
monocistronic genes derived from each gene cluster into HEK293T cells yielded detectable BURST
signal only for the Anabaena flos-aquae gene cluster and mARGwega” (Fig. 4-4, a-b, “1-fold excess”).
Given the multiple gvpA copies contained in the native Anabaena flos-aquae GV operon,® we

hypothesized that expressing GvpA at a higher stoichiometry relative to the other genes in this cluster
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Figure 4-3: In situ bARGs,r expression enables ultrasound imaging of tumor colonization by EcN. (a)
Diagram of the in vivo protocol for assessing in situ bARGser expression in tumors. Mice bearing subcutaneous
(SQ) tumors were injected with EcN via the tail vein on day 14. bARGs. or FP expression was then induced by
injecting L-arabinose intraperitoneally (IP) on day 17; the next day, tumors were imaged with ultrasound. To
check for re-expression, all the GVs in the tumors were collapsed, L-arabinose was re-injected, and tumors were
imaged again the next day. On day 20, tumors were homogenized and plated to quantify the levels of EcN
colonization. In separate experiments for histology, mice were sacrificed directly after imaging. (b-d)
Representative B-mode, parabolic AM (pAM), and BURST ultrasound images of tumors colonized by pBAD-
bARGse-AxeTxe EcN 1 day after induction with L-arabinose on day 18 (b), at 1 day after collapse and re-
induction (day 19) (c), or uninduced on day 18 (d). (e) Representative ultrasound images of tumors colonized by
pBAD-FP-AxeTxe EcN 1 day after induction with L-arabinose on day 18. (f-g) Optical images of tissue sections
stained with H&E (f) or anti-E. coli antibodies (g) from a tumor colonized by pBAD-bARGse-AxeTxe EcN after
imaging on day 19. (h-i) BURST (h) and xAM (i) images of the same tumor as in (f-g), with the boxed region
showing the approximate BURST imaging region in the tissue section. Scale bars in (b-i) represent 2 mm. (j-k)
Quantification of pAM (p values: 3.503E-05, 0.000209802, 0.19479281) (j) and BURST (p values: 8.19948E-09,
2.98285E-06, 0.023377359) (k) SBRs for the conditions in (b-e). (I) Colony forming units (CFUs) per gram of
tumor tissue on day 20 (p values: 0.1911, 0.0055). For j, points represent each mouse (n=5), and lines represent
the mean of each group. The dotted line indicates the limit of detection (LOD). Asterisks represent statistical
significance by two-tailed, unpaired Student’s t-tests (*** = p<0.001, ** = p<0.01, * = p<0.05, ns = no significance).
See Fig. 4-ED5 for representative xAM ultrasound images for the conditions in (b-d), and Fig. 4-ED6 for more
histological images of tissue sections.
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Figure 4-ED7: xAM ultrasound imaging of mouse tumors colonized by EcN. (a-c) Representative B-mode
(top, grayscale) and xAM (bottom, hot-scale) ultrasound images of tumors colonized by pBAD-bARGse-AxeTxe
EcN at least 24 hours after induction with L-arabinose on day 18 (a), at least 24 hours after collapse and re-
induction (day 19) (b), or uninduced on day 18 (c). (d) Representative ultrasound images of tumors colonized by
pBAD-FP-AxeTxe EcN at least 24 hours after induction with L-arabinose on day 18. Scale bars in (a-d) represent
2 mm. (e) Quantification of the xAM SBR for the same conditions in (a-d) (p values from left to right: 1.0545E-05,
3.73902E-05, 0.487197948). Each group is n=5 mice and lines indicate the mean. Asterisks represent statistical
significance by two-tailed, unpaired Student'’s t-tests (*** = p<0.001, ns = no significance). See Fig. 4-3a for the
corresponding in vivo protocol.

could improve GV expression. To test this possibility, we titrated the amount of gvpA plasmid in the
Anabaena flos-aquae plasmid set while keeping the DNA amount corresponding to other genes
constant (the total DNA level was kept constant with a padding vector). We found that the BURST
signal increased monotonically with increasing gvpA up to 8-fold gvpA excess (Fig. 4-4b). In contrast,
the signal peaked at 2-fold excess of the homologous protein gvpB for the B.megaterium cluster. This
suggests that the assembly factors in the Anabaena flos-aquae gene cluster may be more efficient
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Figure 4-4: Heterologous expression of the Anabaena flos-aquae GV gene cluster in mammalian cells. (a)
Schematic of the codon-optimized monocistronic plasmid sets used in this study. (b) Representative BURST
images (top) and SBR quantification (n=5, bottom) of transient GV expression in HEK293T cells 3 days after co-
transfection of mixtures with varying gvpA/B fold excess relative to their respective assembly factor plasmids. (c)
Diagram of GV structure with GvpC highlighted in orange. (d) Representative xAM ultrasound images (top) and
SBR quantification (n=6, bottom) of transient co-transfection experiments of Anabaena flos-aquae GV plasmids
(4-fold gvpA excess) with and without gvpC at varying acoustic pressures. B. megaterium GV (at 2-
fold gvpB excess) and GFP expression is included for quantitative comparison. (e) Schematic of the mMARGAnNa
polycistronic plasmids. (f) Representative BURST images (top) and SBR quantification (n=4, bottom) of transient
GV expression in HEK293T cells 3 days after co-transfection of mMARGANna mixtures with varying gvpA fold
excess relative to the assembly factor plasmid. (g) Schematic of MDA-MB-231-mARGANa engineering (created
with BioRender.com and FlowJo). The final population was ~95% double positive
for gvpA and gvpNJKFGWYV expression. (h) Representative xAM images (top) and SBR quantification (n=5,
bottom) of MDA-MB-231-mARGAnNa cells at 0.54 MPa after 1, 2, 4 and 6 days of 1 ug/ml doxycycline induction.
(i) Representative xAM images (top) and SBR quantification (n=4, bottom) of MDA-MB-231-mARGAna cells at
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0.42 MPa as a function of doxycycline concentration after 4 days of expression. (j) Representative xAM images
(top) and SBR quantification (n=4, bottom) of induced and uninduced MDA-MB-231-mARGAnNa cells as a
function of time while imaged with sequentially increased acoustic pressures, starting at 0.31 MPa. (k)
Representative xAM images (top) and SBR quantification (n=4, bottom) of induced MDA-MB-231-mARGAnNa
cells at 0.61 MPa as a function of cell concentration. Limit of detection was 300k cells/mL (p=0.0181) by unpaired
one-sided t-test. For j, thick lines represent the mean of 4 replicates and thin lines represent + standard deviation.
For b, d, f, h, i and k, gray lines connect the means of the replicates. All ultrasound image scalebars represent 1
mm.

at utilizing GvpA to form GVs or that excess GvpA may pose less of a burden to cells than excess
GvpB. To further improve GvpA expression, we stabilized the gvpA transcript with WPRE-hGH

poly(A) elements,>® which resulted in peak signal at lower gvpA:chaperone ratios (Fig. 4-ED8, a-b).

We next looked for nonlinear ultrasound contrast. GvpC is a minor structural protein in Anabaena
flos-aquae GVs that mechanically reinforces the GV shell (Fig. 4-4c).2 Chemical removal of GvpC
from purified GVs in vitro enhances nonlinear ultrasound scattering by allowing the GVs to deform
more strongly in response to acoustic pressure.35¢0 When we omitted gvpC from our mammalian
co-transfection mixture, we observed a dramatic enhancement of nonlinear signal in xAM, peaking at
transmit pressure of around 0.6 MPa (Fig. 4-4d). By comparison, transfections including gvpC
produced a much weaker xAM signal, while B. megaterium plasmids and GFP-expressing cells did
not produce appreciable nonlinear contrast at any pressure. The omission of gvpC did not appreciably
alter BURST contrast (Fig. 4-ED8c).

To create a convenient vector for mammalian expression of Anabaena flos-aquae GVs, we
constructed a polycistronic plasmid linking the assembly factor genes gvpNJKFGWV through P2A
co-translational cleavage elements. gvpA was supplied on a separate plasmid to enable
stoichiometric tuning. The gvpA and gvpNJKFGWYV plasmids were labeled with IRES-BFP and P2A-
GFP, respectively, to allow for fluorescent analysis and sorting. Both transcripts were driven by CMV
promoters. We termed this pair of plasmids mARGana: mammalian ARGs adapted from Anabaena
flos-aquae (Fig. 4-4e). mMARGana produced nonlinear ultrasound contrast in HEK293T cells transiently

co-transfected with a 1- to 6-fold molar excess of gvpA (Fig. 4-4f).

To produce a stable cancer cell line expressing mARGana, we cloned our polycistronic constructs into
PiggyBac integration plasmids under a doxycycline-inducible TRE promoter.662 As a clinically
relevant cancer model, we chose the human breast cancer cell line MDA-MB-231, which is widely
used in tumor xenograft studies. We engineered these cells to constitutively co-express the rtTA
transactivator and Antares optical reporter®, transduced them with a mixture of mARGana and
PiggyBac transposase plasmids at a 2:1 (gvpA:gvpNJKFGWYV) molar ratio, and fluorescently sorted
for co-expression of Antares, GFP and BFP (Fig. 4-4g and Fig. 4-ED8d).
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Figure 4-ED8: Additional data on heterologous expression of the Anabaena flos-aquae GV gene cluster
in mammalian cells. (a) Schematic of the codon-optimized Anabaena flos-aquae monocistronic plasmid set
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used in this study. (b) Representative BURST images (top) and SBR quantification (n=5, bottom) of transient GV
expression in HEK293T cells 3 days after co-transfection of mixtures with varying gvpA fold excess relative to
their respective assembly factor plasmids, with and without WPRE elements on the gvpA DNA. Gray lines
connect the means of replicates. (c) BURST SBR quantification (n=6) of 293T cells expressing constructs tested
in Fig. 4-4d. (d) FACS and flow cytometry data for production of the MDA-MB-231-mARGAna cell line. rtTA
expressing “High” cells were collected for subsequent mARG/transposase transduction. Cells
expressing gvpA and gvpNV were sorted twice to arrive at the final ~95% pure population. (e) TEM images of
GVs purified from MDA-MB-231-mARGANa detergent lysates after 1, 2, 4 and 6 days of 1 pug/ml doxycycline
induction (n=35 micrographs for day 1, 29 for day 2, 32 for day 4 and 7 for day 6). Scalebars represent 0.5 pm.
(f) Representative xAM images (top) and SBR quantification (n=4 biologically independent samples examined in
one experiment, bottom) of induced MDA-MB-231-mARGANa, 3T3-mARGAna and HuH7-mARGAnNa cells at
0.61 MPa as a function of cell concentration. Limit of detection was 300k cells/mL for MDA-MB-231 (p=0.0181)
and 3T3 (p=0.0321), and 30k cells/mL for HuUH7 (p=0.0158) by unpaired one-sided t-tests. (g) Representative
BURST images (top) and SBR quantification (n=4, bottom) of induced MDA-MB-231-mARGAnNa, 3T3-mARGAnNa
and HUH7-mARGAnNa cells as a function of cell concentration. Limit of detection was 30k cells/mL for MDA-MB-
231 (p=0.011) and HuH7 (p=0.006), and 3k cells/mL for 3T3 (p=0.027) by unpaired one-sided t-tests. For (f) and
(9), gray lines connect the means of the replicates and scalebars represent 1 mm. Percentages in parentheses
represent MARGANa-positive cells determined by flow cytometry.

The resulting polyclonal MDA-MB-231-mARGana cells showed xAM contrast after a single day of
doxycycline induction, which increased through day 6 (Fig. 4-4h). We confirmed the expression of
GVs by electron microscopy (Fig. 4-ED8e). The ultrasound signal increased steeply with increasing
doxycycline doses up to 1 ug/mL, then saturated (Fig. 4-4i). xAM signal was detected starting from
an acoustic pressure of 0.31 MPa, while uninduced control cells did not produce signal at any
pressure (Fig. 4-4j). At pressures above 0.42 kPa, the xAM signal gradually decreased over time,
indicating the partial collapse of GVs. We chose 0.42 MPa as the xAM imaging pressure for

subsequent experiments, providing the optimal balance of signal stability and strength.

We obtained similar results with mouse 3T3 fibroblasts and human HuH7 hepatocytes, with both cell
lines able to be imaged with similar sensitivity to MDA-MB-231 cells when expressing mARGana (Fig.
4-4k, Fig. 4-ED8f). At 300k cells/mL for MDA-MB-231 and 3T3, and at 30k cells/mL for HuH7, the
non-destructive xAM detection limits of these cells surpassed the destructive imaging sensitivity of
first-generation MARGwega by one to two orders of magnitude.” With BURST imaging, mARGana cells
could be detected still more sensitively, at concentrations down to 3,000 cells/mL for 3T3 cells and
30,000 cells/mL for MDA-MB-231 and HuH7 (Fig. 4-ED8g).

mARGana-based imaging of in vivo gene expression patterns

We next tested the ability of mMARGana to reveal the spatial distribution of gene expression in tumor
xenografts. We formed orthotopic tumors by injecting MDA-MB-231-mARGana cells bilaterally in the
fourth mammary fat pads of female immunocompromised mice. The mice were then split into
doxycycline-induced and uninduced groups. We acquired ultrasound images of the tumors as they
grew, with 3 imaging sessions distributed over 12 days (Fig. 4-5a). All induced tumors produced
bright and specific xAM contrast starting from the first timepoint (day 4), whereas the uninduced
tumors did not (Fig. 4-5b). The acquisition of adjacent planes allowed 3D visualization of expression

patterns (Supplementary Video 1). The nonlinear xAM signal was highly specific to the viable tumor
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Figure 4-5: In situ mARGa,, expression enables nondestructive ultrasound imaging of orthotopic tumors.
(a) Diagram of the in vivo protocol for assessing in situ MARGana expression in orthotopic tumors. Mice were
injected bilaterally in 4" mammary fat pads with engineered MDA-MB-231-mARGana human breast
adenocarcinoma cells on day 0. mARGana expression was induced by regular intraperitoneal (IP) doxycycline
injections starting from the day of tumor injections. Tumors were imaged with ultrasound after 4, 8 and 12 days
of expression. (b) Representative middle sections of B-mode and xAM ultrasound tomograms of MDA-MB-231
MARGna tumors induced with doxycycline (left; n=8 tumors from 4 mice) and uninduced control (right; n=7
tumors from 4 mice on day 4, n=5 tumors from 4 mice on days 8 and 12) imaged on day 4, 8 and 12. Scalebars
represent 2 mm. See supplementary video for the full ultrasound tomogram of the induced tumor at day 12. (c)
Fluorescence micrograph of a 100 nm thin tumor section (n=2 tumors). Green color shows GFP fluorescence,
blue color shows BFP fluorescence, and red color shows TO-PRO-3 nuclear stain. See Fig. 4-ED9 for the
uninduced control (n=1 tumor). Scalebars represent 2 mm. (d) Whole-animal fluorescence imaging of induced
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(left; n=8 tumors from 4 mice) and uninduced (right; n=5 tumors from 3 mice) mouse after 12 days of expression.
All tumors are constitutively expressing CyOFP1 (Antares, red) whereas mARGana expression is linked to
expression of GFP (green). The left (reader’s right) tumors are shown in panel (b). Scalebars represent 5 mm.
(e) Three-dimensional sum of xAM signal from ultrasound tomograms of induced (n=8) and uninduced (n=7
tumors from 4 mice on day 4, n=5 tumors from 4 mice on days 8 and 12) tumors from one experiment, plotted
on a linear scale in arbitrary units. Black curves connect the means and grey curves connect points for each
mouse. Asterisks represent statistical significance by two-tailed, unpaired Student’s t-tests between induced and
uninduced conditions (p values from left to right: 0.000622, 0.001554, 0.001554) (**** = p<0.0001, *** = p<0.001).

cells, being absent outside tumor boundaries and within the necrotic cores of the larger tumors. This
observed spatial pattern was corroborated by fluorescence microscopy of fixed tumor sections
obtained on day 12 (Fig. 4-5c, Fig. 4-ED9a), confirming the ability of mMARGana to report microscale
patterns of gene expression noninvasively in living animals at depths greater than 0.6 cm. In contrast,
in vivo fluorescence images lacked information about the spatial distribution of gene expression within
the tumor (Fig. 4-5d). The induced tumors had significantly higher total signal than the uninduced
controls at all time points (Fig. 4-5e).

To demonstrate mARGana imaging at depths beyond what can be easily shown in mice, we
successfully imaged MDA-MB-231-mARGana cells through a slab of beef liver thicker than 1 cm (Fig.
4-ED9, b-c).

Uninduced
(Day 12)

Figure 4-ED9: Tumor histology and imaging through thick tissue. (a) Fluorescence micrograph of a 100
nm-thick tissue section from an uninduced tumor. The red color shows TO-PRO-3 nuclear stain; GFP and BFP
fluorescence were not observed for this control tumor. Scale bars represent 2 mm. (b) Quantification of xAM
SBR of MDA-MB-231-mARGana cells imaged under >1 cm of beef liver tissue (n=7) or under PBS (n=4) as a
function of transducer voltage. Thick lines represent the mean of replicates and thin lines represent + standard

deviation. (c) Representative xAM/B-mode overlay of MDA-MB-231-mARGana cells imaged under liver tissue
using L10-5v transducer at 18V for xAM.
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mARGana imaging enables real-time US-guided biopsy
One of the most common uses of ultrasound is to spatially guide procedures such as biopsies. ARGs
provide the possibility for such procedures to be targeted based on gene expression. However,

because real-time procedure guidance requires non-destructive imaging, such guidance was not
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possible with previous ARGs. To demonstrate an ultrasound-guided procedure with second-
generation ARGs, we generated chimeric tumors in mice via adjacent subcutaneous injection of
MARGana-expressing and Antares-expressing MDA-MB-231 cells (Fig. 4-6a). After 3D tomograms
confirmed chimeric tumor composition (Supplementary Videos 2 and 3) we targeted fine needle
aspiration biopsies to either the xAM-positive or the xAM-negative regions of each tumor (Fig. 4-6b,
Supplementary Videos 4 and 5). Flow cytometry showed a high success rate in obtaining cells with

the expected mARGana-positivity or negativity (Fig. 4-6¢, Fig. 4-S11).
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Figure 4-6: xAM imaging of mARGAan. enables ultrasound-guided genetically selective tumor biopsy. (a)
Diagram of the in vivo protocol for establishing chimeric tumors, in situ expression of GVs and tumor biopsy.
Chimeric tumors were established on day 0. mMARGana expression was induced by regular intraperitoneal (IP)
doxycycline injections starting from the day of tumor injections. Tumors were imaged with ultrasound and
biopsied after 5 days of expression. (b) Representative B-mode and xAM an ultrasound-guided biopsy
procedure. Scalebars represent 2 mm. See Supplementary Videos 2,3,4 and 5 for the full ultrasound tomogram
of the induced chimeric tumor, 3D reconstruction of the chimeric tumor as well as the videos of the full procedure.
(c) Results of flow cytometric analysis of biopsied samples from xAM-positive and xAM-negative regions of
chimeric tumors (n=7 tumors from 4 mice). See Fig. 4-S11 for flow cytometric gating strategy. Bar height
represents the mean, circles represent individual data points.

4.4 DISCUSSION
Our results establish two second-generation ARG constructs—bARGser and mARGana—that provide

unprecedented real-time detection sensitivity and specificity when expressed in bacteria and
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mammalian cells. These gene clusters produce bright nonlinear ultrasound contrast when expressed
in situ, either by bacterial agents colonizing the necrotic core of a tumor, or by the tumor cells
themselves. Their contrast enables the dynamic monitoring of the precise locations and
transcriptional activities of these cells over multiple days. Furthermore, real-time nondestructive
imaging of ARGs enables ultrasound-guided procedures such as biopsies targeted to genetically

defined cells.

With the improvements described here, we anticipate that our ARGs will be useful for various
applications that demand the noninvasive imaging of cells several mm or deeper inside the body.
bARGSs could be used to track therapeutic bacteria as they home to and proliferate in tumors or other
target organs to assess whether the therapy is working as designed.®*-¢” Furthermore, knowing their
spatial distribution can help guide tumor-focused interventions such as focused ultrasound.®-"° Other
potential applications include microbiome research and tracking of probiotics designed to diagnose

or treat Gl conditions.”""2

Meanwhile, second-generation mARGs could be used to visualize the growth and viability of tissues
such as tumors and precisely sample their contents under ultrasound guidance. Similar approaches
could be applied to the immune system, brain and organismal development. In addition, mARG
expression could enable the tracking and sampling of therapeutic cells, such as T-cells or stem cells.
The fact that the mARGs are based on Anabaena flos-aquae GVs will allow these ARGs to benefit
from extensive molecular engineering of these GVs 265°73 and development of acoustic biosensors

of cellular signals such as enzyme activity.”

The envisioned applications of both bacterial and mammalian ARGs will benefit from the relative
simplicity and low cost of ultrasound compared to other non-invasive techniques such as nuclear
imaging and MRI, while providing in vivo resolution and potential for human translatability beyond
what is currently possible with optical methods. In making cells detectable with ultrasound imaging,
ARGs help pure ultrasound rival photoacoustic tomography, which has a larger number of contrast

agents but is technically more complex to implement.”

Additional improvements to the technology can be envisaged. First, although expression kinetics on
the order of one day, as observed with ARGs, are acceptable in numerous scenarios, such as tumor
growth, mammalian development, and stem cell expansion and migration, they are slower than those
of fluorescent proteins.”7® Faster expression could potentially be achieved by pre-expressing some
of the genes in the ARG cluster (e.g., assembly factors) and conditionally expressing the remainder
(e.g., structural proteins). Second, the ability to multiplex different “colors” of ARGs nondestructively

would enable discrimination between different mammalian or bacterial cell types in a tissue. This
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could be accomplished by engineering versions of GvpC that respond differently to pressure®®. Third,
it would be helpful to reduce the size of the Serratia GV gene cluster to make it easier to clone and
incorporate with other genetic elements. Similarly, consolidating the two-part mARGana construct into
a single plasmid would increase transfection efficiency, while shortening it could facilitate viral
packaging for delivery to endogenous cells. Fourth, while the in vivo expression of both bARGser and
MARGana yielded strong and specific ultrasound signals without obvious effects on cell migration and
growth, strategies to reduce construct size and tightly regulate ARG expression could be beneficial
to reducing burden under more stringent or resource-limited conditions. Finally, while mice are a key
model in biomedical research and an established proving ground for reporter gene technologies” -,
future work is needed to test ARGs in additional species. The ability of second-generation ARGs to
function in cells from two different mammalian species and two different bacterial species is an

encouraging sign for their broader utility.

Out of practical necessity, our phylogenetic screen subsampled the available genetic space, and
testing additional GV-encoding gene clusters could reveal ARGs with new or further-improved
properties. Improvements can also be made in the screening strategy by synthesizing multiple
versions of each putative gene cluster to eliminate potential regulatory genes®3436-3¢ and screening
a larger number of clusters in higher throughput. It is likely that GV gene clusters from certain species
will be more compatible with specific heterologous hosts due to similarity in growth temperature,
turgor pressure and host factors, making it useful to perform genetic screens with new species of

interest for imaging.

Just as improvements to and adaptations of fluorescent proteins enabled a wide range of microscopy
applications that were mere speculations when GFP was first harnessed as a biotechnology, the
systematic development of next-generation ARGs could help realize the promise of sensitive, high-

resolution noninvasive imaging of cellular function inside intact mammals.

4.5 METHODS

Genomic mining of ARG clusters

A literature search was conducted to find papers reporting the production of gas vesicles in any
species. Search terms included “gas vesicle,” “gas vacuole,” “aerotope,” and “aerotype.” All species
found are listed in Supplementary Table 1. If the report did not include a strain name, then any
available 16S rRNA gene sequence was used (as it was assumed that any other strain of the same
species would fall in the same place on the phylogenetic tree), but no GV gene cluster sequence was
used (even if it was available for one or more strains of that species) because it was found during our
analysis that: 1) several reports describe species for which some strains produce GVs but others do

not, and 2) comparison of GV gene cluster sequences of multiple strains of the same species almost
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always showed differences—often very significant ones. Further, even if a reference stating that a
given organism produced GVs was not available, 16S rRNA gene sequences from all members of
the following genera were included because GV production is a diacritical taxonomic feature for these

genera: Dolichospermum,®? Limnoraphis® and Planktothrix.8

GV clusters were identified in genomes through a combination of annotations and sequence similarity
to known gvp genes. However, there were two challenges in identifying all gvps in a given genome:
1) there is little to no annotation for many gvps, and 2) GV gene clusters are not always contiguous
in genomes, and gvps can occasionally be found hundreds of kb away from the main cluster(s). We
attempted to only select “well-behaved” GV clusters for testing (i.e., ones in which all gvps identified
in that genome were present in clusters, and these clusters contained a minimum of non-gvp genes,
which could increase the metabolic burden of cluster expression without increasing GV yield), but it
is possible that even for these clusters, some gvps were not cloned.

Of our list of 288 strains reported to form gas vesicles, 270 had 16S rRNA gene sequences available
(Supplementary Table 1). These were downloaded from NCBI
(https://www.ncbi.nim.nih.gov/sites/batchentrez) using a custom Python script, and a multiple
sequence alignment was constructed using Clustal Omega.® This alignment was used to generate
a phylogenetic tree file using ClustalW2,% which was rendered using EvolView.8” Only unique species

are displayed in the phylogenetic trees in Fig. 4-1a and Fig. 4-S1.

Bacterial plasmid construction and molecular biology

Organisms were obtained from commercial distributors as indicated in Supplementary Table 2. If an
organism was shipped as a liquid culture, the culture was centrifuged and the pellet resuspended in
ddH20, as it was found that even trace amounts of certain culture media could completely inhibit
PCR. Fragments were amplified by PCR using Q5 polymerase and assembled into a pET28a(+)
vector (Novagen) via Gibson Assembly using reagents from New England Biolabs (NEB). Sub-
cloning and other modifications to plasmids were also performed with Gibson Assembly using
reagents from NEB. Assemblies were transformed into NEB Stable E. coli. All constructs were verified

by Sanger sequencing.

Halobacterium salinarum has two chromosomal GV gene clusters (plus additional plasmid-borne
ones), which were cloned and tested separately. Methanosarcina vacuolata has only one cluster, but
while its genome sequence in the NCBI database has two copies of GvpA71 and one copy of GvpA2,
our genomic PCR yielded a product with only one copy of GvpA1. In a second cloning step, we added
a copy of GvpAZ2 to the cloned cluster. While we were able to PCR GvpA2 from the genome, it was

not contiguous with the rest of the cluster. Therefore, we speculate that either there was an error in
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the assembly of the genome sequence (likely caused by the high sequence similarity of the GvpA

genes), or that the genotype of our strain differs slightly from that of the strain sequenced.

In vitro bacterial expression of ARGs

For initial testing, all constructs were expressed in BL21(DE3) E. coli (NEB). Fifty uyL of
electrocompetent E. coli were transformed with 1.5 L of purified plasmid DNA (Econospin 96-well
filter plate, Epoch Life Science), and 1 mL of SOC medium (NEB) was added immediately after
electroporation. These cultures were incubated at 37°C for 2 hr, and 150 uL was inoculated into larger
1.5 mL LB cultures containing 100 ug/mL kanamycin and 1% (w/v) glucose (for catabolite repression®
of the BL21(DE3) PlacUV5 promoter) in a deep-well 96-well plate and grown overnight in a shaking
incubator at 30°C. Square dual-layer LB agar plates were prepared with varying concentrations of
IPTG and 100 ug/mL kanamycin in the bottom layer, and 1% (w/v) glucose and 100 ug/mL kanamycin
in the top layer. Each layer was 25 mL in volume, and the top layer was poured within 30 min of
plating. LB agar was incubated at 60°C for 12-36 hr after dissolution to allow it to degas. After the
agar solidified, plates were dried at 37°C to remove all condensation on the top layer that would cause
the bacterial patches to run together. A multichannel pipette was used to thoroughly mix overnight
cultures and drop 1 uL of each culture onto the surface of the dual-layer plates, with care taken to
avoid puncturing the agar which results in artifacts during ultrasound scans. Low-retention pipette tips
were used, as it was found that the small volumes of culture would wet the outsides of standard
pipette tips, resulting in inaccurate volume dispensing. Patches were allowed to dry completely before
plates were flipped and incubated at 37°C for 24 hr or 30°C for 48 hr.

For in vitro expression experiments in EcN, the appropriate plasmids were first transformed via
electroporation and the outgrowth was plated on LB (Miller)-agar plates with the appropriate antibiotic
(25 pg/mL chloramphenicol or 50 pg/mL kanamycin) and 1% (w/v) glucose. The resulting colonies
were used to inoculate 2 mL LB (Miller) medium with the appropriate antibiotic and 1% (w/v) glucose,
and these cultures were incubated at 250 rpm and 37°C overnight. Glycerol stocks were prepared by
mixing the overnight cultures in a 1:1 volume ratio with 50% (v/v) glycerol and storing at -80°C. The
night before expression experiments, glycerol stocks were used to inoculate overnight cultures (2 mL
LB medium with the appropriate antibiotic and 1% (w/v) glucose) which were incubated at 37°C and
shaken at 250 rpm. For expression on solid media, 1 L of overnight culture was dropped onto square
dual-layer LB agar plates with 2X the final inducer (IPTG, aTc, or L-arabinose) concentration in the
bottom layer, 1% (w/v) glucose in the top layer, and the appropriate antibiotic in both layers (50 pug/mL
chloramphenicol or 100 pug/mL kanamycin). Plates were allowed to dry, and then inverted and
incubated at 37°C for 24 hours before imaging with ultrasound. For expression in liquid media, 500
ML of each overnight culture was used to inoculate 50 mL LB supplemented with 0.4% (w/v) glucose

and 25 pg/mL chloramphenicol in 250 mL baffled flasks. Cultures were incubated at 37°C and 250
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rpm until reaching at ODeoo of 0.1 - 0.3. At this point, cultures were induced by addition of L-arabinose
and placed back at 37°C and 250 rpm. For time titration experiments, 0.1% (w/v) L-arabinose was
used for induction and 0.5 mL of each culture was removed at 0, 1, 3, 5, 7, 9, 11, and 24 hours post-
induction for ODesoo and ultrasound measurements. For L-arabinose titration experiments, L-arabinose
concentrations ranging from 0 to 1% (w/v) were used for induction, and cultures were incubated for
24 hours at 37°C and 250 rpm after addition of L-arabinose before ultrasound imaging. For cell
concentration titration experiments, cultures were incubated for 24 hours at 37°C and 250 rpm after
addition of 0.1% (w/v) L-arabinose before ultrasound imaging. All cultures were stored at 4°C or on
ice until casting in phantoms and imaging with ultrasound. In all liquid culture experiments, cultures
were prescreened for the presence of GVs by phase contrast microscopy before being imaged with

ultrasound.

In vitro expression experiments in S. Typhimurium were performed as described above for EcN,
except plasmids were transformed into an attenuated version of Salmonella enterica serovar
Typhimurium strain SL1344%, 2xYT medium was used instead of LB medium, and induction in liquid
culture was performed by adding L-arabinose to the medium at the time of inoculation at an ODeoo of
0.05.

To assess plasmid stability of pBAD-bARGse-AxeTxe in EcN, the glycerol stock of this strain was
used to inoculate 2 mL LB (Miller) supplemented with 25 pg/mL chloramphenicol and 1% (w/v)
glucose, and this culture was incubated at 37°C and 250 rpm overnight. Twenty uL of the overnight
culture was subcultured into 2 mL LB with 25 ug/mL chloramphenicol, 2 mL LB without antibiotics,
and 2 mL LB without antibiotics and with 0.1% (w/v) L-arabinose, each in quadruplicate. Every 24
hours, 20 uL of each culture was sub-cultured into fresh media of the same conditions. All cultures
were incubated at 37°C and 250 rpm. On days 1-3, 5, and 7, serial dilutions of each culture were
plated on LB-agar without antibiotics, LB-agar with 25 ug/mL chloramphenicol, and LB-agar with 25
pg/mL chloramphenicol + 0.1% (w/v) L-arabinose + 0.4% (w/v) glucose. Plates were incubated at
37°C for at least 16 hours and colonies were counted and screened manually. Plasmid retention was
assessed by taking the ratio of CFUs on LB-agar plates with chloramphenicol to CFUs on LB-agar
plates without antibiotics. The presence of mutations that disrupt the ability to express functional
bARGser was assessed by a loss of colony opacity on LB-agar plates with 25 ug/mL chloramphenicol

+ 0.1% (w/v) L-arabinose + 0.4% (w/v) glucose.

Microscopy of bacteria
For TEM imaging, cells expressing GVs were diluted to ODsoo ~1 in 10 mM HEPES (pH 7.5) or culture
media. 3 uL of the sample was applied to a freshly glow-discharged (Pelco EasiGlow, 15 mA, 1 min)

Formvar/carbon-coated, 200 mesh copper grid (Ted Pella) for 1 min before being reduced to a thin
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film by blotting. Grids with cells were washed three times in 10 mM HEPES (pH 7.5), blotted, air-
dried, and imaged without the stain. Image acquisition was performed using a Tecnai T12 (FEI, now
Thermo Fisher Scientific) electron microscope operated at 120 kV, equipped with a Gatan Ultrascan
2k X 2k CCD.

For phase contrast microcopy (PCM) imaging, cells expressing GVs were scraped off from plates
and re-suspended in PBS at an ODeoo of 1-2, or liquid cultures were used directly. Suspensions were
transferred to glass slides and PCM images were acquired using a Zeiss Axiocam microscope with
a 40X Ph2 objective.

In vivo bacterial ARG expression

All in vivo experiments were performed under protocol 1735 or 1761, approved by the Institutional
Animal Care and Use of Committee (IACUC) of the California Institute of Technology. Animals were
housed in a facility maintained at 71-75°F and 30-70% humidity, with a lighting cycle of 13 hours on
& 11 hours off (light cycle 6:00 AM - 7:00 PM). For experiments involving tumor colonization with EcN,
MC26 cells (biohippo, 400156) were grown in DMEM media in T225 flasks. After trypsinization and
resuspension in PBS + 0.1 mg/mL DNAsel, 5 x 10° MC26 cells were injected subcutaneously into the
right flank of 6—8-week-old female Balb/cJ mice. Tumors were allowed to grow for 14 days (reaching
sizes of 200-300 mm?®) before injecting 108 EcN cells suspended in PBS via the lateral tail vein. The
day before injection of EcN, Ibuprofen was added to the drinking water at 0.2 mg/mL to ameliorate
side effects of EcN injections. To prepare the EcN for injection, the appropriate glycerol stocks were
used to inoculate 2 mL LB + 1% (w/v) glucose + 25 ug/mL chloramphenicol which was incubated at
37°C and 250 rpm overnight. The overnight culture (500 pL) was used to inoculate 50 mL LB + 0.4%
(w/v) glucose + 25 ug/mL chloramphenicol in 250 mL baffled flasks, which was grown at 37°C and
250 rpm until reaching an ODeoo of 0.3 - 0.6. This culture was pelleted, washed 4 times with PBS,
resuspended in PBS at an ODeoo of 0.625, and used for injection. Three days after injection of EcN,
mice were injected intraperitoneally with 120 mg L-arabinose to induce the EcN. Starting 24 hours
after induction, ultrasound images of tumors were acquired as described in Supplementary Note 1.
After imaging, 3.0 MPa acoustic pressure was applied throughout the tumor to collapse GVs, and
mice were injected again intraperitoneally with 120 mg L-arabinose. The next day, mice were imaged
again with ultrasound for re-expression of GVs. The following day, all mice were euthanized and
tumors were excised, homogenized, serially diluted, and plated on selective media (LB-agar + 25
pg/mL chloramphenicol) as well as on induction plates (LB-agar + 25 ug/mL chloramphenicol + 0.4%
(w/v) glucose + 0.1% (w/v) L-arabinose). Colonies on plates with chloramphenicol were manually
counted to quantify the levels of colonization, and colonies on induction plates were screened for a
non-opaque mutant phenotype.
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Histology of tumors colonized by bacteria

Tumors were colonized with pBAD-bARGse-AxeTxe EcN following the same protocol as described
above. The day after inducing GV expression with IP injections of L-arabinose, BURST, xAM and B-
mode images of tumors were acquired as described above. Shortly after imaging, mice were
euthanized by sedation with isoflurane and cervical dislocation. Tumors were resected, placed in 10%
buffered formalin for 48 hours, and then washed and stored in 70% ethanol. Tumors were then cut in
half along the approximate plane of imaging, placed in tissue cassettes, and sent to the Translational
Pathology Core Laboratory at UCLA, which embedded samples in paraffin and performed H&E
staining, immunohistochemistry, and microscopy imaging. Immunohistochemistry was performed
using Opal IHC kits (Akoya Biosciences) according to the manufacturer’s instructions. Tissue sections
were incubated with either polyclonal rabbit anti-E. coli antibody (Virostat; catalogue number 1001)
or non-reactive rabbit IgG isotype control antibody as a negative control. All sections were then
incubated with an Opal 520 polymer anti-rabbit HRP antibody (Akoya Biosciences) and
counterstained with DAPI. Sections were imaged in the appropriate fluorescence or brightfield

channels using a high throughput scanning system (Leica Aperio VERSA) with 40 ym resolution.

Mammalian plasmid construction

Monocistronic plasmids were constructed using standard cloning techniques including Gibson
assembly and conventional restriction and ligation using primers listed in Supplementary Table 3.
Coding sequences for the Anabaena flos-aquae GV genes were codon-optimized and synthesized
by Integrated DNA Technologies, and subcloned into a pCMVSport backbone with a CMV promoter.
gvpA-WPRE-hGH polyA was constructed by subcloning gvpA between Pstl and Miul sites of
pCMVSport vector with WPRE-hGH polyA.

Polycistronic mARGana assembly factor genes gvpNJKFGWYV were synthesized by Twist Bioscience
in a pTwist-CMV vector. Emerald GFP was subcloned in-frame downstream of the gvpNJKFGWV
ORF via a P2A linker and the entire pNJKFGWV-GFP ORF was subcloned into a pCMVSport
backbone with WPRE-hGH-poly(A) elements using NEBuilder HiFi DNA Assembly (NEB). gvpA-
IRES-EBFP2-WPRE-hGH polyA was constructed by Gibson assembly of a PCR-amplified IRES-
EBFP2 fragment into the Xbal site of gvpA-WPRE-hGH polyA plasmid.

PiggyBac transposon plasmids were constructed by PCR amplifying the region between the start
codon of gvypNJKFGWYV or gvpA and the end of the hGH poly(A) from the pCMVSport plasmids. The
amplified regions were Gibson-assembled into the PiggyBac transposon backbone (System

Biosciences) with a TRE3G promoter (Takara Bio) for doxycycline-inducible expression.
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The lentiviral transfer plasmid with constitutively expressed tetracycline transactivator (pEF1a-rtTA-
Antares-WPRE) was constructed as follows: pNCS-Antares was obtained from Addgene (#74279)
and P2A was added to the N-terminus of Antares with a primer overhang during PCR. This fragment
was subcloned into the lentiviral transfer plasmid pEF1a-rtTA-WPRE between rtTA and WPRE in-
frame with the rtTA ORF using NEBuilder HiFi DNA Assembly.

HEK293T cell culture and transient transfection

HEK293T cells (ATCC, CLR-2316) were cultured in 24-well plates at 37°C, 5% CO2 in a humidified
incubator in 0.5mlI DMEM (Corning, 10-013-CV) with 10% FBS (Gibco) and 1x penicillin/streptomycin
until about 80% confluency before transfection. Briefly, transient transfection mixtures were created
by mixing of around 600 ng of plasmid mixture with polyethyleneimine (PEI-MAX; Polysciences Inc.)
at 2.58 ug polyethyleneimine per ug of DNA. The mixture was incubated for 12 minutes at room
temperature and added drop-wise to HEK293T cells. Media was changed after 12-16 hours and daily
thereafter. For gvpA titration experiments, pUC19 plasmid DNA was used to keep the total amount
of DNA constant.

After three days of expression, cells were dissociated using Trypsin/EDTA, counted using disposable
hemocytometers (Bulldog), and centrifuged at 300g for 6 minutes at room temperature. Cells were
resuspended with 1% low-melt agarose (GoldBio) in PBS at 40°C at ~30 million cells/mL (Fig. 4-
4b,f),~15 million cells/mL (Fig. 4-4d), or ~7.5 million cells/mL (Fig 4-S18c) before loading into wells
of preformed phantoms consisting of 1% agarose (Bio-Rad) in PBS.

Genomic integration and FACS

MDA-MB-231 (ATCC, HTB26), 3T3 (ATCC, CRL-1658) and HuH7 (JCRB0403) cells were cultured
in DMEM (Corning, 10-013-CV) supplemented with 10% FBS (Gibco) and 1x penicillin/streptomycin
at 37°C and 5% CO2 in a humidified incubator unless noted otherwise. Cells were lentivirally
transduced with pEF1a-rtTA-Antares-WPRE and sorted based on strong Antares fluorescence (Ex:
488 nm, Em: 610/20BP + 595LP) using BD FACSAria 1l for MDA-MB-231 cells and MACSQuant
Tyto (B2 channel) for 3T3 and HuH7 cells. MDA-MB-231-rtTA-Antares cells were then electroporated
in 20ul format using 4D-Nucleofector using CH-125 protocol in SF buffer (Lonza) with 1 ug PiggyBac
transposon:transposase plasmid mixture (2:1 PB-gvpA:PB-gvpNV transposons, 285ng PiggyBac
transposase). 3T3-rtTA-Antares cells were transfected with the same PiggyBac plasmid mixture using
PEI-MAX in a 12-well format and HuH7 cells were transfected using Lipofectamine 3000. Cells were
expanded into surface-treated T75 flasks in TET-free media and were induced for 12 hours with 1
pg/mL doxycycline before sorting for triple positive cells (gated for Antares, then Emerald and
EBFP2). The sorted cells were returned to DMEM with TET-free FBS (Takara). MDA-MB-231-

mMARGana was sorted twice. The first round of sorting was performed with permissive gates and the
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enriched population was ~50% double positive for Emerald and EBFP2 as analyzed with MACSQuant
VYB (Miltenyi Biotec). This population was sorted again with stricter gates to ~95% purity. 3T3-
MARGana cells were sorted for strong Emerald and EBFP2 fluorescence using MACSQuant Tyto only
once, yielding a population that was ~80% double positive. HUH7 cells were sorted twice to ~91%
purity using MACSQuant Tyto. Cells were expanded in TET-free media and frozen in Recovery Cell
Culture Freezing Medium (Gibco) using Mr. Frosty cell freezing container (Nalgene) filled with

isopropanol at -80°C, and then stored in liquid nitrogen vapor phase until use.

TEM imaging of GVs expressed in mammalian cells

For TEM, cells were cultured in 6-well plates in 2 mL media. 1 ug/mL doxycycline was added to the
wells at indicated times with daily media plus doxycycline changes thereafter until harvest. Cells were
lysed by adding 400 pL of Solulyse-M (Genlantis) supplemented with 25 units/mL Benzonase
Nuclease (Novagen) directly to the 6-well plates and incubating for 1 hour at 4°C with agitation. The
lysates were then transferred to 1.5 mL microcentrifuge tubes. Eight hundred L of 10 mM HEPES
pH 7.5 was added to each tube, and lysates were centrifuged overnight at 300g and 8°C. Thirty pL of
the supernatant was collected from the surface from the side of the tube facing the center of the
centrifuge rotor and transferred to a new tube. Three L of each sample was loaded onto freshly
glow-discharged (Pelco EasiGlow, 15mA, 1 min) formvar/carbon 200 mesh grids (Ted Pella) and
blotted after 1 minute then air-dried. The unstained grids were imaged on a FEI Tecnai T12

transmission electron microscope equipped with a Gatan Ultrascan CCD.

Whole-animal fluorescence imaging of mARGAna-expressing orthotopic tumors and tumor
fluorescence microscopy

Tumor xenograft experiments were conducted in NSG mice aged 12-weeks and 6 days (The Jackson
Laboratory). To implement an orthotopic model of breast cancer, all the mice were female. MDA-MB-
231-mARGana cells were grown in T225 flasks in DMEM supplemented with 10% TET-free FBS and
penicillin/streptomycin until confluency as described above. Cells were harvested by trypsinization
with 6 mL Trypsin/EDTA for 6 minutes and quenched with fresh media. Cells were washed once in
DMEM without antibiotics or FBS before pelleting by centrifugation at 300g. Cell pellets were
resuspended in 1:1 mixture of ice-cold Matrigel (HC, GFR) (Corning 354263) and PBS (Ca?*, Mg?*-
free) at 30 million cells/mL. Fifty uL Matrigel suspensions were injected bilaterally into the 4"
mammary fat pads at 1.5 million cells per tumor via subcutaneous injection. 12 hours after tumor
injection and every 12 hours thereafter (except the mornings of ultrasound imaging sessions) test
mice were intraperitoneally injected with 150 pL of saline containing 150 pg of doxycycline for
induction of GV expression. Control mice were not injected with doxycycline.



79

Mice were imaged using ultrasound as described in Supplementary Note 1. On the last day of
ultrasound imaging, mice were anesthetized with 100 mg/kg ketamine, and 10 mg/kg xylazine and
whole-body imaged in supine position using ChemiDoc MP imaging system with Image Lab software
(BIO-RAD). Fluorescence channels were set as follows: blue epi illumination with 530/28 filter for
Emerald/GFP and 605/50 filter for Antares/CyOFP1. Images were processed and merged using the
FI1JI package of ImageJ.

After whole-body fluorescence imaging, mice were euthanized and tumors were resected and placed
in 10% formalin solution for 24 hours at 4°C, after which they were transferred to PBS. Fixed tumors
were embedded in 2% agarose in PBS and sectioned to 100 um slices using a vibratome. Sections
were stained with TO-PRO-3 nucleus stain, mounted using Prolong Glass (Invitrogen) and imaged
using a Zeiss LSM 980 confocal microscope with ZEN Blue. Images were processed using the FIJI
package of ImagedJ. For micrographs of tumors from both induced and uninduced mice, the Emerald
channel was capped between 0 and 25497, EBFP2 channel between 0 and 17233 and TO-PRO-3
channel between 5945 and 53136 for display.

4.6 Data availability

Plasmids will be made available through Addgene upon publication. All other materials and data are
available from the corresponding author upon reasonable request. Genomic sequence information
was downloaded from the NCBI sequence database via Batch  Entrez
(https://www.ncbi.nIm.nih.gov/sites/batchentrez).

4.7 Code availability
Ultrasound data acquisition and analysis code will be made available on the Shapiro Lab GitHub at

https://github.com/shapiro-lab upon publication.
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4.13 SUPPLEMENTARY INFORMATION

Supplementary Note 1: Ultrasound imaging procedures

In vitro ultrasound imaging of bacteria expressing ARGs on solid media

Ultrasound imaging of bacterial patches was performed using a Verasonics Vantage programmable
ultrasound scanning system and an L10-4v 128-element linear array transducer (Verasonics) with a
center frequency of 6 MHz and an element pitch of 300 ym. Image acquisition was performed using
a custom imaging script with a 64-ray-lines protocol and a synthetic aperture of 65 elements. The
transmit waveform was set to a voltage of 50 V and a frequency of 10 MHz, with 1 waveform cycle
and 67% intra-pulse duty cycle. In xAM mode, a custom sequence detailed previously®® was used
with an angle of 19.5°. RF data from 4 repeated acquisitions was coherently averaged prior to
beamforming for each image plane.

Agar plates containing bacterial patches were coated with a thin layer of LB agar and
immersed in PBS to allow acoustic coupling to the L10-4v transducer. The transducer was connected
to a BiSlide computer-controlled 3D translatable stage (Velmex) and positioned above the plane of
the plate at an angle of 15° from the vertical (to minimize specular reflection from the plastic dishes
and agar) and a distance of 20 mm from the bacterial patches. The imaging sequence was applied

sequentially to acquire image planes covering the full area of all plates. A custom script was used to
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automate the scan by controlling the motor stage in tandem with the ultrasound system, translating

0.5 mm in the azimuthal direction between rows and 19.5 mm in the lateral direction between
columns. In the case of differential imaging scans, the full scan sequence was repeated after returning
the motor stage to its origin and adjusting the voltage of the transducer.

For image processing and analysis, custom beamforming scripts were applied on-line to
reconstruct image planes from the acquired RF data at each location. The intensity data for each
plane was saved for off-line processing. All image planes were concatenated to form a 3D volume
with all plates and colonies. A 2D image of the colonies was extracted from the 3D volume by taking
the maximum intensity over a manually-defined depth range for all voxel columns. 2D differential
images were obtained by subtracting the post-collapse 2D image from the pre-collapse 2D image.
Bacterial patch intensities were then quantified from these 2D images. Sample ROIs were drawn
around the center of each patch to avoid artefacts from the edges, and background ROls were drawn
around representative regions without patches. The signal-to-background ratio (SBR) was calculated
as the mean pixel intensity of the sample ROI divided by the mean pixel intensity of the background.
Conversion to decibels (dB) was calculated as 20*log10(SBR). For display, images were normalized
by dividing by the average background signal of all images being compared and setting the lower and
upper limits of the colormaps to be the same, where the lower limit was equal to a constant A times
the average background and the upper limit was equal to a constant B times the maximum pixel
intensity out of all images being compared; images were then converted to dB. For xAM and

differential xAM images of bacterial patches, A was set to 1 and B was set to 0.5.

In vitro ultrasound imaging of bacteria expressing ARGs suspended in agarose phantoms

To create phantoms for ultrasound imaging of bacteria from liquid cultures or suspended in PBS from
patches on solid media, wells were cast with a custom 3D-printed mold using 1% (w/v) agarose in
PBS, which was degassed by incubating at 65°C for at least 16 hours. Cultures or cell suspensions
to be analyzed were diluted in ice-cold PBS to 2x the final desired cell concentration (calculated from
the measured ODe0o), incubated at 42°C for one minute, and mixed 1:1 with 1% (w/v) agarose in PBS
at 42°C for a final concentration of 1x. This mixture was then loaded into the wells in duplicate and
allowed to solidify. Care was taken not to introduce bubbles during this process. The phantoms were
submerged in PBS, and ultrasound images were acquired using a Verasonics Vantage
programmable ultrasound scanning system and an L22-14v 128-element linear array transducer with
a center frequency of 18.5 MHz with 67%-6-dB bandwidth, an element pitch of 100 um, an elevation
focus of 8 mm, and an elevation aperture of 1.5 mm. The transducer was attached to a custom-made
manual translation stage to move between samples. B-mode and xAM images were acquired using
the same parameters as described previously:” the frequency and transmit focus were set to 15.625

MHz and 5 mm, respectively, and each image was an average of 50 accumulations. B-mode imaging
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was performed with a conventional 128-ray-lines protocol, where each ray line was a single pulse

transmitted with an aperture of 40 elements. xAM imaging was performed using a custom sequence
detailed previously® with an angle of 19.5° and an aperture of 65 elements. The transmitted pressure
at the focus was calibrated using a Fibre-Optic Hydrophone (Precision Acoustics), and the peak
positive pressure was used as the “acoustic pressure” in Fig. 4-3. BURST images were acquired as
a series of pAM images as described previously,” except the focus was set to 6 mm, and the acoustic
pressure was set to 0.15 MPa (1.6V) for the first 10 frames and 3.0 MPa (25V) for the last 46 frames.

To measure the xAM signal at varying acoustic pressures, an automated voltage ramp
imaging script was used to acquire an xAM image at each voltage step (0.5 V increments from 2 to
25 V), immediately followed by a B-mode acquisition at a constant voltage of 1.6 V (0.15 MPa) before
another xAM acquisition at the next voltage step; the voltage was held constant for 10 seconds at
each step before the image was saved. To measure the xAM and B-mode signals over time at various
acoustic pressures, another script was used to automatically save an xAM or B-mode image every
second while the voltage was automatically increased by 2 V approximately every 70 seconds. Each
frame consisted of 64 ray lines, which took 180 us each to acquire, giving a pulse repetition rate of
86.8 Hz. Based on these results, all subsequent in vitro xAM images of bARGser-expressing EcN
were acquired at 18V (1.29 MPa).

For the experiments in Fig. 4-S8 and Fig. 4-ED6, a different transducer, an L22-14vX
transducer, was used which had a different pressure-to-voltage calibration. Consequently, for
ultrasound imaging of S. Typhimurium, xAM imaging was performed at 1.72 MPa (14V), unless
otherwise noted, and BURST was performed using 0.16 MPa (1.6V) for the first 10 frames and 3.7
MPa (25V) for the final 46 frames.

xAM and B-mode image processing and analysis were performed as described above,
except that custom beamforming scripts were applied off-line to reconstruct images from the saved
RF data for each sample, no 3D reconstruction was performed as images captured at single locations,
circular ROIs were drawn around sample and background regions (taking care to avoid bubbles) to
calculate SBRs, and values of A=1.4 and B=0.5 were used to normalize images for display. BURST
images were reconstructed using the signal template unmixing algorithm as described previously™;
as above, circular ROIs were then drawn around sample and background regions to calculate SBRs
and values of A=3 and B=1 were used to normalize images for display. Data were plotted using
GraphPad Prism (v9.4.1).

In vivo bacterial ARG ultrasound imaging
Mice were anesthetized with 2% isoflurane and maintained at 37°C using a heating pad.
Images were acquired using the L22-14v transducer attached to a manual translation stage described

above. Any hair on or around the tumors was removed with Nair, and Aquasonic 100 ultrasound



90
transmission gel was used to couple the transducer to the skin. Parabolic B-mode and parabolic

AM (pAM) images were first acquired using a custom 128 ray line script. Each image was formed
from 96 focused beam ray lines, each with a 32-element aperture and 6 mm focus. The transmit
waveform was set to a voltage of 1.6V in B-mode or 8V in pAM and a frequency of 15.625 MHz, with
1 waveform cycle and 67% intra-pulse duty. In B-mode, each ray line was a single transmit with all
32 elements, and in pAM each ray line consisted of one transmit with all 32 elements followed by 2
transmits in which first the odd and then the even-numbered elements are silenced.®® Subsequently,
xAM images, additional B-mode images, and finally BURST images were acquired at the same
location without moving the transducer using the same parameters as described above for the in vitro
experiments (e.g., 18V for xAM, 1.6V for B-mode, and 1.6V to 25V for BURST). At least two separate
locations spaced at least 2 mm apart in each tumor were imaged with B-mode, pAM, and xAM.
Ultrasound images of tumors were quantified as described above where the sample ROIs were drawn
around the necrotic cores in the tumors and the background ROIs were drawn around regions in the
gel above the mouse. Images were normalized and plotted on a dB scale as described above except
the scaling factors were A=2.5 and B=1 for xAM and pAM and the corresponding B-mode tumor
images, and A=10 and B=0.5 for BURST images.

In vitro ultrasound imaging of transient expression of GVs in HEK293T cells suspended in
agarose phantoms

Phantoms were imaged using L22-14v transducer (Verasonics) while submerged in PBS on
top of an acoustic absorber pad. For BURST imaging, wells were centered around the 8 mm natural
focus of the transducer and a BURST pulse sequence was applied in pAM acquisition mode as
described above, except the focus was set to 8 mm, and the acoustic pressure was set to 0.26 MPa
(1.6V) for the first 10 frames and 2.11 MPa (10V) for the remaining frames. The xAM voltage ramps
and B-mode images were acquired concurrently using the same parameters as described above,
except the transducer voltage was varied from 4 to 24V in steps of 0.5V for xAM, and 10 frames, each
consisting of 15 accumulations, were acquired per voltage. The well depth and the B-mode transmit
focus were set to 5 mm. All image quantification was performed as described above, where the
sample ROIls were drawn inside the well and the background ROIls were drawn around an empty
region in the agarose phantom for SBR calculation. All images were normalized and plotted on a dB

scale as described above except the scaling factors were A=2 and B=0.5.

In vitro ultrasound imaging of MDA-MB-231 mARGAna cells suspended in agarose phantoms
For all in vitro experiments, MDA-MB-231-mARGana cells were cultured in DMEM supplemented with
10% TET-free FBS and penicillin/streptomycin. For xAM imaging of MDA-MB-231-mARGana cells
suspended in agarose phantoms, cells were cultured in 24-well plates in 0.5 mL media. For Fig. 4-

5h, cells were seeded at 7,500 cells per well and induced with 1 pg/mL doxycycline after an overnight
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incubation and at subsequent days as indicated (5 replicates per condition), except for the

uninduced control which was grown in a 10 cm dish without doxycycline. Media was changed daily
thereafter until cell harvest. Cells were trypsinized with 100 uL Trypsin/EDTA for 6 minutes at 37°C,
after which the trypsin was quenched by addition of 900 yL media. The cell number was equalized
between different days of expression at 140,000 cells and pelleted at 300g for 6 minutes. Cells were
then resuspended in 20 pl 1% low-melt agarose (GoldBio) in PBS at 40°C and loaded into the wells
of preformed 1% agarose (Bio-Rad) phantoms in PBS. Ultrasound images were acquired with L22-
14v 128-element linear array transducer (Verasonics). xAM voltage ramp and B-mode images were
acquired concurrently using the same parameters as described above (the transducer voltage was
varied from 4 to 24V in steps of 0.5V for xAM and 10 frames, each consisting of 15 accumulations,
were acquired per voltage. The B-mode transmit focus was set to 5 mm). Images taken at the voltage
that produced peak xAM signal (9V, 0.54 MPa) were chosen for quantification. For Fig. 4-4i,j, cells
were seeded at 66,666 cells per well and induced with the indicated doxycycline concentrations after
an overnight incubation in TET-free media (4 replicates per doxycycline concentration). Cells were
incubated for 4 days with daily media/doxycycline changes. Cells were harvested as above, and
~420,000 cells from each condition were loaded per agarose phantom well. xAM and B-mode images
were acquired concurrently using the same parameters as described above except the transducer
voltage was varied from 6V to 10V in steps of 0.5V for xAM and 120 frames, each consisting of 15
accumulations, were acquired per voltage (~75 seconds/voltage). The B-mode transmit focus was
set to 6 mm. Images taken at 7.5V (0.42 MPa) were chosen for display and quantification in Fig. 4-4i
(doxycycline response). For Fig. 4-4k and Fig. 4-ED4-8f-g, cells were seeded in 10-cm dishes and
induced as above for 4 days. Cells were harvested as above and resuspended at 60,000,000
cells/mL. 10-fold serial dilutions were performed with each cell line. Each cell dilution was mixed 1:1
with 2% low-melt agarose before loading into agarose phantom wells. Cells were imaged with an
L22-14vX transducer at 5.5V (0.61 MPa) for xAM: the highest pressure that produced stable signal
over a 30-second exposure and using 2V to 15V pAM BURST.

For imaging of MDA-MB-231 cells under thick liver tissue, cells were induced with doxycycline in T225
flasks for 4 days. Cells were harvested as above and resuspended at 30,000,000 cells/mL in 1% low-
melt agarose in PBS prior to loading into agarose phantom wells. >1 cm beef liver section (99 Ranch
Market) was overlaid on top of the agarose phantom and secured with needles. The phantom and
liver were submerged in a PBS bath and the transducer was positioned 20 mm away from the
interface between the liver and the agarose phantom. Ultrasound imaging was performed using a
L10-4v linear array transducer (Verasonics) using the same parameters as above, except the xAM
voltage was varied between 2V (0.078 MPa) and 30V (2.51 MPa). B-mode was acquired at 1.6V

(0.25 MPa). Each voltage was held for 5 frames, each consisting of 15 accumulations.
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All image quantification was performed as described above where the sample ROIs were

drawn inside the well and the background ROIs were drawn around an empty region in the agarose
phantom for SBR calculation. All Images were normalized and plotted on a dB scale as described
above except the scaling factors were A=2 and B=0.5. The xAM/B-mode overlay was made with the
B-mode image as background. A binary alpha mask was applied to the xAM image, giving pixel
values lower than 2x the average background a value of 0 and all values above this threshold a value
of 1.

In vivo ultrasound imaging of mMARGAna expressing orthotopic tumors

For ultrasound imaging, mice were depilated around the 4" mammary fat pads using Nair (Aloe Vera)
for ultrasound coupling with Aquasonic 100 gel. Mice were anesthetized with 2.5% isoflurane and
maintained at 37°C in supine position on a heating pad. The first imaging session (day 4) consisted
of 8 induced tumors from 4 mice and 7 uninduced tumors from 4 mice. One of the uninduced mice
died during the first imaging session, which resulted in two fewer uninduced control tumors for the
remaining imaging sessions.

Ultrasound images were acquired with an L22-14v 128-element linear array transducer. xAM and B-
mode images were acquired concurrently using the same parameters as described in the in vitro
section above except the transducer voltage was held at constant 7.5V (0.42 MPa) for xAM and 3
frames, each consisting of 15 accumulations, were acquired per section. A motor stage was
programed to move 100 um per section for a total of 150 sections per tumor. The B-mode transmit
focus was set to 6 mm. Ultrasound images of tumors were quantified as described above where the
sample ROIs were drawn around the tumors and the background ROIs were drawn around regions
in the gel above the mouse. Images were normalized and plotted on a dB scale as described above
except the scaling factors were A=2 and B=0.5 for both xAM and the corresponding B-mode tumor
images. The xAM volume quantification was performed by summing all pixel values from all sections

in each tomogram between 2 mm and 10 mm in depth.

In vivo ultrasound-guided biopsy of mARGana-expressing chimeric tumors.

Chimeric tumor biopsy experiments were conducted in female NCG mice aged 8-weeks (Charles
River Laboratories). MDA-MB-231-mARGana and MDA-MB-231-rtTA-Antares cells were grown and
harvested as above. Cell pellets were resuspended in a 1:1 mixture of ice-cold Matrigel (HC, GFR)
(Corning 354263) and PBS (Ca?*- and Mg?*-free) at 30 million cells/mL. 100 uL Matrigel suspensions
of MDA-MB-231-mARGana were injected bilaterally into the 4" mammary fat pads at 3 million cells
per tumor lobe via subcutaneous injection. After 1 hr, additional 100 pL Matrigel suspensions of MDA-
MB-231-rtTA-Antares were injected close to the edge of the blisters created by the first injections to

create dual-lobed chimeric tumors with heterogeneous gene expression patterns. Mice were
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intraperitoneally injected with 150 L of saline containing 150 pg of doxycycline for induction of GV

expression starting 12 hours after tumor injection and then every 12 hours thereafter for 5 days.
Mice were prepared for ultrasound imaging as above. Ultrasound images were acquired with an L22-
14vX 128-element linear array transducer. xAM and B-mode imaging was performed as above except
the transducer voltage was held at 5.5V (0.481 MPa) for xAM and 1.6V (0.161 MPa) for B-mode and
the motor stage was programed to move either 200 ym per section for whole-tumor scans or was
held stationary for biopsy video acquisition. Image normalization and scaling was performed as
above. xAM/B-mode overlay was made as above.

To perform a fine-needle aspiration biopsy, a 23G needle was fitted to a 3 mL Luer-lock syringe
prefilled with PBS. The syringe was mounted on a 3D-printed holder attached to a manual translation
stage. Each biopsy attempt consisted of positioning the ultrasound probe over a tumor and moving
the needle into the field of view. The needle was then inserted into either the xAM-positive or xAM-
negative region of the tumor, guided by live xAM and B-mode imaging. The needle was wiggled back-
and-forth a couple times before pulling the syringe plunger to aspirate cells. The tumor sample was
then ejected into a tube with PBS. The biopsy was repeated for attempts that did not produce a visible
cell pellet. Each sample was treated with Trypsin/EDTA for 6 minutes at 37°C, then quenched with
fresh media.

Flow cytometry was performed with MACSQuant 10 (Miltenyi Biotec). GFP was measured with the
B1 channel and Antares using B2. All biopsy attempts for a given tumor/sampling condition were
analyzed separately, but their resulting FCS data files were concatenated. Data analysis was
performed in FlowJo. For quantification of biopsy samples, each population was first gated for
Antares-positive cells to exclude endogenous mouse cells. Antares-positive cells were then gated
based on FSC/SSC and single cells were gated using FSC-A vs FSC-W. The resulting populations
contained on average 6947 cells with a SD of 6960 cells and range between 72 and 21958 cells.

%GFP-positive (MARGana-positive) was assessed based on these resulting populations.

Supplementary Note 2: Parameters for fitting xAM ultrasound signal versus time data to an

exponential decay function

Data from Fig. S8b were first converted to linear scaling (not decibel) and then normalized so that at
t =0, the xAM signal y was equal to 1. The normalized data were then fit to the equation y = A*exp(-
k*t) + B, where the parameter k is the rate of exponential decay, B corresponds to the fraction of
signal remaining at t = «, and A corresponds to the fraction of signal lost betweent=0and t = «. As
the applied acoustic pressure was increased, the fraction of signal lost A increased and the fraction
of signal remaining B decreased, while the rate of decay remained relatively constant with a slight

increase. See Fig. 4-S8d for a plot of the fitted curves overlayed with the data.



Pressure Kk (min™) Goodness of fit
(MPa) Value SEM | Value SEM | Value SEM (R?)

110 | 0113 0.009 | 5.085 0873 | 0.857 0.004 0.327

1.41 0.191 0.008 | 5777 0483 | 0.764 0.003 0.658

1.72 0.259 0.012 5.703 0.527 0.692 0.004 0.613

1.97 0.307 0.011 5.499 0.374 0.620 0.004 0.748

223 | 0346 0.009| 6622 0323 | 0.574 0.003 0.843
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Figure 4-S1: 16S phylogenetic tree of all reported GV-producing organisms. Colors indicate groupings of
phylogenetically similar organisms. Organisms from which GV genes were tested in E. coli are shown in Fig. 4-
1a.
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Figure 4-S2: Optimization of expression conditions for all tested clusters in BL21(DE3) E. coli. (a-b)
XAM images of bacterial patches expressing each GV cluster at varying inducer concentrations and
temperatures. Green boxes indicate the patches shown in Fig. 4-ED1a. The IPTG concentration selected was
the one that resulted in the highest xAM pre-minus-post-collapse difference signal (Fig. 4-S5) while not creating
toxicity, as determined by whether the patch was uniform or punctate (Fig. 4-S5a-b). Some of the IPTG
concentrations that led to toxicity also created significant xAM signal, but this signal did not originate from GVs,
as indicated by the lack of xAM pre-minus-post-collapse signal difference (Fig. 4-S4). Further, there were some
IPTG concentrations for certain genotypes that created significant xAM signal but no xAM pre-minus-post-
collapse signal difference, and no visible toxicity (e.g., Streptomyces coelicolor, Thiocapsa rosea, and GFP at
37°C, 100 uM IPTG). This discrepancy was likely caused by subtle toxicity that is not apparent in optical images,
but altered the texture of the patch enough to be detectable by US. (c) Key for genotypes tested in (a-b), with
this pattern repeated in three pairs of columns replicated on each plate. (d) Examples of the effects of toxic
genotypes on bacterial patches, and of artifacts that can appear in bacterial patch scan images. Bacteria
themselves can produce significant xAM signal (especially when present in extremely high concentrations, as
they are in the confluent patches imaged here), which can be seen in the forms of rings around all patches,
regardless of GV expression status. Further, expression of toxic proteins (or of large amounts of otherwise non-
toxic proteins, such as GFP) can interfere with bacterial growth; in extreme cases this results in significant cell
death and a punctate appearance, and in less extreme cases it simply reduces the optical density of patches.
GV expression can increase the optical density of patches, but only at high levels of GV expression. Punctate
patches produce considerably more xAM signal than uniform ones, even in the absence of GV expression. The
xAM pre-minus-post-collapse difference can be used to qualitatively determine if a patch produces GVs, but
because collapse is incomplete in some cases, it is not an ideal method for quantitatively comparing genotypes.
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Figure 4-S3: Quantification of ultrasound signal for all samples shown in Fig. 4-S2a-b. (a-b) xAM SBR of
the patches at 30°C (a) and 37°C (b) shown in Fig. 4-S2a-b (n=6; lines represent the mean).
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Figure 4-S5: Quantification of ultrasound signal for samples shown in Fig. 4-S4c-d. (a-b) xAM SBR for the
patches at 30°C (a) and 37°C (b) shown in Fig. 4-S4c-d (n=6; lines represent the mean).
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Figure 4-S6: Effects of single-gene deletions on GV expression by the Serratia cluster. (a) Key for
genotypes tested, repeated in 6 replicate columns on each plate. (b-d) xAM images (b), pre-minus-post-collapse
xAM images (c), and optical images (d) of bacterial patches expressing single-gene deletions of the Serratia
cluster. (e-f) Quantification of the xAM images (e) and pre-minus-post-collapse xAM images (f) shown in (b-c)
(n=12 biologically independent samples examined in one experiment).



103

Non-white mutants / total colonies screened
Condition Replicate Starter Day 1 Day 2 Day 3 Day 5
+chlor #1 0/226 0/68 0/69 0/60 0/40
+chlor #2 0/55 0/47 0/355 0/54
+chlor #3 0/48 0/39 0/98 0/42
+chlor #4 0/56 0/21 0/49 0/233
-chlor #1 0/39 0/54 0/70 0/64
-chlor #2 0/28 0/46 0/65 0/46
-chlor #3 0/47 0/57 0/75 0/52
-chlor #4 0/36 0/57 0/57 0/38
-chlor +ara #1 0/2 0/68 0/53 0/44
-chlor +ara #2 0/2 0/62 2/86 0/68
-chlor +ara #3 ND* 0/67 3/102 6/70
-chlor +ara #4 0/1 0/76 0/34 0/56

*ND: no data because there were no colonies
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Figure 4-S7: Quantification and characterization of ECN mutants deficient in bARGser expression
isolated from daily subculturing in vitro. (a) Numbers of non-white mutant colonies and total colonies
screened on plates with 0.1% (w/v) L-arabinose from daily sub-culturing into LB media with 25 pg/mL
chloramphenicol (+chlor), without chloramphenicol (-chlor), or without chloramphenicol and with 0.1% (w/v) L-
arabinose (-chlor +L-ara) using pBAD-bARGse-AxeTxe EcN. Cultures where mutants were found are indicated
in red. (b) Optical images of patches (top rows) on fresh plates with 0.1% (w/v) L-arabinose (+L-ara) and without
L-arabinose (-L-ara), and phase contrast microscopy images (bottom rows) from the 11 mutant colonies in (a).
Mutants 3-D3 and 3-E1 were from the culture -chlor +ara, replicate #2, day 3; mutants 3-E3, 3-E4, and 3-E5 were
from the culture -chlor +ara, replicate #3, day 3; and mutants 3-H3 through 3-H8 were from the culture -chlor
+ara, replicate #3, day 5. The positive and negative controls were wild-type pBAD-bARGse-AxeTxe EcN and
pBAD-FP-AxeTxe EcN, respectively. Scale bars are 1 cm for images of patches and 10 um for microscopy
images.
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Figure 4-S8: xAM ultrasound signal versus time at varying acoustic pressures applied sequentially to
the same sample versus separate samples. (a-b) xAM SBR of bARGse-expressing ECN measured over time
at various acoustic pressures. In (a), samples were subjected sequentially to 6 increasing acoustic pressures for
approximately 70 sec each, whereas in (b) separate samples subjected to only one acoustic pressure for
approximately 70 sec. (c) Overlay of xAM SBR curves for separate samples from (b) onto the curves for samples
subjected to all pressures from (a). There is no difference between these curves, indicating that the xAM SBR
measured at a certain pressure was not significantly affected by collapse at a previously applied pressure. For
(a-c), pBAD-bARGse-AxeTxe EcN were induced with 0.1% (w/v) L-arabinose for 24 hours at 37°C in liquid
culture, and were then normalized to 10° cells/mL in agarose phantoms for ultrasound imaging. Bold lines
represent the mean and thin lines represent + standard deviation; n=3 biological replicates, each with 2 technical
replicates. Imaging was performed with an L22-v14X transducer, so the values for pressure and xAM SBR do
not exactly match those in Fig. 4-2d-f where an L22-v14 transducer was used. (d) Normalized and linear-scaled
data from (b) shown by thin lines which were fit to the exponential decay function y = Aexp(-kt) + B shown by
thick dotted lines. See Supplementary Note 2 for the fitted parameter values.
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Figure 4-S9: Histology of MC26 tumor colonized with bARGse-expressing EcN. Fluorescent images of
tissue sections after ultrasound imaging on day 19 (see Fig. 4-3a). Sections were incubated with either polyclonal
rabbit anti-E. coli antibodies (top row) or non-reactive rabbit IgG isotype control antibody (bottom row) as a
negative control. All sections were then incubated with an Opal 520 polymer anti-rabbit HRP antibody (Akoya
biosciences) and counterstained with DAPI. The EcN are visible in the necrotic core in the Opal 520 channel (top
middle panel); the edges of the tissue exhibit a high degree of background staining (bottom middle panel).
Histology was not repeated across multiple tumors because the other tumor tissues were instead homogenized
and analyzed for colony forming units.
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Figure 4-S10: Screening for ECN mutants defective in bARGs.r expression isolated from colonized
tumors. (a) White light transmission images of plates with 0.1% (w/v) L-arabinose and without L-arabinose from
plating a tumor (from mouse #5 in (b)) colonized by bARGser-expressing EcN. Mutant colonies on the +L-
arabinose plate appear lighter (more translucent) than wild-type opaque colonies and are indicated by red circles.
(b) Numbers of non-white mutant colonies and total colonies screened on plates with 0.1% (w/v) L-arabinose for
the ten mice injected with pBAD-bARGse-AxeTxe EcN. ¢, White light transmission images (top) and photographs
(bottom) of patches on fresh plates with 0.1% (w/v) L-arabinose and without L-arabinose made from the seven
translucent mutant colonies in red in (b) and an opaque non-mutant colony as a control. Mutants 1-2 were from
mouse #2 and mutants 3-7 were from mouse #5. Scale bars are 2 cmin (a) and 1 cmin (c).
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Figure 4-S11: Flow cytometric gating strategy for chimeric tumor biopsy sample analyses. Events were
first gated based on Antares expression to exclude endogenous mouse cells. Antares-positive cells were then
gated by size. Single cells were gated based on FSC-W vs FSC-A plot. GFP-positive (MARGans-positive) cells
were gated from the resulting histograms.
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Chapter 5

CONCLUSIONS AND FUTURE DIRECTIONS

In this thesis, | report the development of a novel high-throughput pipeline for ARG engineering
and describe its application to engineering a variety of ARG phenotypes. The resulting second-
generation ARG clusters enabled the imaging of in situ gene expression in bacterial and

mammalian cells in mice, and nondestructive multiplexed imaging of bacterial cells in vitro.

In this chapter, | compile a set of insights gleaned from these ARG engineering projects, and

suggest some projects that could expand on their results.

5.1 Lessons Learned from Half a Decade of ARG Engineering

The main thing that | have learned from the past five years of ARG engineering projects is that
although ARGs are considered the “GFP of US,” they are substantially harder to engineer than
GFP. There are several reasons for this, but many stem from the fact that while GFP is a single
highly soluble protein, GVs are assemblies of tens of thousands of copies of primarily a single
protein and require a number of chaperones to coordinate their assembly, with incorrect assembly
potentially resulting in cellular toxicity. Further, no reliable structural information was available for
GvpA when these projects were initiated, and there was little infrastructure available for acoustic

screening of GV phenotypes.

In the course of screening libraries of random GvpA mutants, | quickly realized that GvpA is a very
challenging target for protein engineering, both because it is extremely sensitive to mutation (with
<1% of random mutants producing significant amounts of GVs), and because engineering a single
protein in a cluster of many whose functions depend on each other is likely to have unpredictable
consequences. Further, there is no intermediate phenotype on the way to GV assembly that can
be reliably assayed, and so any functional manipulations to the cluster that cause it to fall short of

complete GV assembly do not yield actionable information to guide further engineering.

There are two limits on the amount of nonlinear US signal that GVs can be engineered to produce.
The first, a hard limit, is based on the number of GVs that fit inside the cytoplasm of a cell,
considering their relatively large size. The second, a soft limit, is based on the general trend
observed in these and other GV engineering efforts that increasing nonlinear US scattering tends
to be accompanied by decreasing collapse pressure. Thus, the environmental pressure GVs

experience, set for example by the turgor pressure of the cell, limits the extent to which nonlinear
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scattering can be engineered while this relationship holds true. Decoupling this relationship

would presumably require engineering the material properties of the GV shell to make it more
flexible and prone to buckling in response to applied pressure without making it more brittle and
prone to rupture. As this will likely be a rare phenotype that is difficult to engineer, machine learning
methods and structure-guided mutagenesis may prove especially helpful for extracting relevant
information from larger genotype-phenotype datasets and for designing focused libraries enriched
in desirable mutants, respectively.

The methods developed and engineering approaches explored in this work set a path for future
ARG engineering efforts. Constructing the Acoustic Plate Reader and using it to screen mutant
libraries revealed that the throughput of 102-10° variants assayed per round of screening is
sufficient to identify enhanced acoustic phenotypes, with the critical caveat that the mutants
assayed are pre-screened for successful GV production through an opacity assessment in colony
format. Screening homologs of GV clusters for successful expression in E. coli revealed the set of
clusters that are useful as ARGs, establishing the most viable candidates for future engineering.
Screening libraries of random mutants of GV structural proteins revealed that the acoustic and
expression phenotypes of ARGs can be successfully engineered; with respect to the two limits
mentioned above, while protein engineering alone is likely sufficient to maximize the amount of
nonlinear scattering per GV, it is almost certainly not enough to maximize the number of GVs

produced per cell, which will require tuning of promoters, RBSs, ORIs, and expression timing.

5.2 Future Directions for ARG Engineering

There are many exciting future directions for ARG engineering; in the next two sub-sections, | will
detail a handful of them. | separate these potential projects based whether they can be attempted
using the methods developed in this study (i.e., they involve screening libraries of ~103 variants or
fewer per experiment), or they will require the development of new methods (i.e., higher-throughput

screening or a novel selection strategy).

5.2A ARG Engineering Projects Attemptable Using Current Methods

Perhaps the most obvious follow-up to the work in this thesis is to screen homologs of GV gene
clusters closely related to those that produced US signal when expressed in E. coli (Fig. 4-1d), and
to test whether any of them have superior performance to the ones selected for use as second-
generation ARGs; these clusters have a high likelihood of producing US contrast in E. coli, and a
moderate likelihood of showing improved phenotypes. An extension of this approach is to swap in
individual Gvp homologs from other clusters into the chosen second-generation ARG clusters to

create “mosaic” clusters containing Gvps from multiple species; this approach was successful when
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combining structural proteins from Anabaena flos-aquae and assembly factors from Bacillus

megaterium,! though further attempts to combine structural proteins from other species with B.
megaterium assembly factors yielded only one combination with significant US contrast (data not

shown).

Another important direction that will be fairly straightforward to implement using recently developed
techniques is directed evolution of Gvps in mammalian cells. By combining novel methods for site-
specific single-copy chromosomal integration of transgenes in mammalian cells? with monoclonal
cell line generation achievable through FACS and with acoustic screening with the Acoustic Plate
Reader, | estimate that a library of 1000 Gvp mutants could be screened in a few weeks. This
approach would allow mutant ARGs to be screened directly in the cells in which they will be used,
which is highly preferred to screening them in E. coli and testing only a small number of high-

performing mutants in mammalian cells.

Relatedly, because most in vivo applications of bacterial therapeutics use chromosomal integration
of transgenes to improve construct stability, it is sensible to attempt this for ARG clusters;
fortunately, there is an increasing number of systems for the fast chromosomal integration of
plasmid-borne cargo in bacteria. The largest challenge will be transitioning from a medium-copy
expression plasmid (~40 copies/cell in the case of existing ARGs) to only 1-3 copies/cell for
chromosomally integrated transgenes; this will certainly require promoter and RBS tuning, and may

also require protein engineering.

Another straightforward project would be to improve ARG expression in bacteria from clusters
lacking GvpC, as these ARGs are known to have more nonlinear signal than those with GvpC
bound—this could be done either by using protein engineering techniques to modify GvpA, or by
tuning the expression elements on the plasmid. The main challenge that will need to be overcome
is that the turgor pressure of E. coli is higher than the collapse pressure of many GVs that lack
GvpC, so these experiments may need to be performed in cells lacking turgor pressure such as

cell wall-less E. colf® if the selected mutants are to be used in mammalian cells.

Our evolution pipeline could also be applied to the evolution of GvpC or functionalized derivatives
of it, such as sensors of pH, enzymatic activity, or Ca#*. In this case, it may be beneficial to use a
GV type that cannot withstand the turgor pressure of the E. coli cytoplasm when GvpC is not bound
to it, and to use a colony opacity pre-screen to eliminate nonfunctional GvpC mutants that do not

bind strongly enough to the GV shell to increase its collapse pressure.
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In the directed evolution campaign detailed in Chapter 3, we only obtained genotype information

for a small number of the top-performing ARG mutants from each round of screening. However,
new methods like evSeq* enable the fast and inexpensive genotyping of arrayed mutant libraries,
and this information could be used in combination with novel methods for machine learning-guided
directed evolution® to quickly evolve rare phenotypes—in particular, independently evolving
nonlinear scattering and collapse pressure, which would be tremendously valuable when searching
for variants that can be nondestructively multiplexed.

Finally, independent of ARG engineering, it will be important to conduct basic biochemical studies
to better understand the mechanics of GV assembly and the roles of all Gvps in this process. The
most challenging aspect of these studies is that GvpA cannot be purified—as one of the most
hydrophobic known proteins, it is toxic to cells when expressed by itself or without enough of its
chaperones, presumably because of aggregation. Therefore, developing the ability to express GVs
in a cell-free transcription/translation system would facilitate studies in which the ratios of Gvps are
varied and either US contrast or GV structure are assayed. In a similar vein, existing techniques
like analytical ultracentrifugation® (available at Caltech) have yet to be applied to the study of Gvps,
and can give important information about binding affinities and stoichiometries of protein-protein

interactions.

5.2B ARG Engineering Projects Requiring Novel Methods

Just as the development of the Acoustic Plate Reader enabled the screening of libraries with
thousands of members, which would have been nearly impossible using the existing low-throughput
approach, further enhancements in ARG screening methods will facilitate even more extensive
engineering efforts. In particular, ultra-high-throughput strategies such as selection by buoyancy
separation or screening by cell sorting (either optical or acoustic) will enable experiments that are
unfeasible using the Acoustic Plate Reader due to its throughput limit of ~10® variants per
experiment. In this section, | describe engineering efforts that could be attempted using these

approaches.

Beyond the homolog and scanning site saturation libraries constructed in this thesis, there are
several other types of libraries that could be constructed for ARG clusters or individual Gvps if a

sufficiently high-throughput screen or selection were available to test them.

First, error-prone PCR libraries, which tend to be large and contain a high percentage of
undesirable variants, but also can contain tremendous diversity, could be generated for either GvpA

or for an entire ARG cluster, and either screened for side-scattering via FACS or for US signal via
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acoustic sorting, or selected using buoyancy purification. In these cases, the phenotype being

screened or selected for would be the total gas fraction of the cell (a combination of volume per GV
and number of GVs per cell), and could give different information depending on the specifics of the
experiment: for example, the library could be screened after multiple rounds of expression or with
the cluster under the control of a leaky promoter to identify mutants with improved tolerability; it
could be screened under high expression temperatures to identify mutants with improved
thermostability or solubility; it could be screened as a neutral drift library to increase the evolvability
of the starting point before subsequent evolution.” As an extension of this approach, continuous
evolution methods such as EvolvR® could be used to generate diversity and these libraries could

be selected using buoyancy separation before cells are passaged each time.

To take full advantage of this increased screening depth, methods such as deep mutational
scanning® could be used to extract more information from these libraries than simply the genotypes
of selected mutants: through a combination of mutant barcoding and deep sequencing, fitness
landscapes can be constructed either densely for individual proteins or sparsely for multiple
proteins in a cluster. For example, by separately barcoding buoyant and non-buoyant cell
populations, mutants could be ranked based on their likelihood of conferring buoyancy to a cell
expressing them, which would give information about the percentage of GV-expressing cells in the
sub-population of cells that express that mutant (i.e., whether all cells are expressing roughly the
same amount of GVs, or if a small percentage of cells express a large number of GVs but most of
the population expresses no GVs). Conversely, a sparse fithess landscape could be constructed
for all the proteins in a cluster if an epPCR library were subjected to this protocol and the beneficial

and deleterious mutations grouped to identify “hotspots” for targeted mutagenesis.

Beyond these large libraries of random mutants, combinatorial libraries can be created using
MoClo, either of defined parts with characterized functions,'®'" or of mutations in defined regions
of one or more proteins:'? the former could be used either to optimize expression of an ARG cluster
by tuning the overall expression of the transcription unit (with a promoter library) or the ratios of
individual Gvps in the cluster (with an RBS library for each gene); the latter could be used to
generate either random or recombination libraries for one or more proteins in the cluster in a fast,
combinatorial fashion. An ambitious extension of the former approach could involve placing each
Gvp in a cluster under the control of a separate orthogonally inducible promoter and tuning either
the ratios or relative timings of expression induction for all Gvps simply by varying the
concentrations and delivery schedules of the inducers (see Fig. 4 of Meyer et al.'3 for an example
of this approach). This approach would enable the fast and flexible tuning of the expression levels

of all Gvps in a cluster, which will be useful when transferring a given cluster between two vastly
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different expression contexts, such as between two distantly related species of bacteria or from

a plasmid to the chromosome.

Given the utility of GvpC as a functional handle for GVs, it would be useful to engineer orthogonal
GvpA/GvpC pairs that bind specifically to each other with minimal cross-reactivity. This could be
achieved either through screening homologs of both proteins against each other in purified form,
or through mutagenesis of one or both binding partners, possibly using a surface display method
for GvpC.™ Finally, a more ambitious project could involve adding a completely new functionality
to GvpA or GvpC: for example, engineering a “split-GvpA” or “split-GvpC” analogous to split-GFP®
that only dimerizes and induces GV formation or a change nonlinear signal in response to a protein-

protein binding event, or even in response to a small molecule.
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