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Abstract

With the unprecedented success of cellular immunotherapies in cancer treatment,
there has been a growing endeavor in developing noninvasive monitoring and
manipulation strategies for therapeutic immune cells, for broader applications of these
potent therapeutics in well-managed manners. Popular modalities of physical energy
transmission have been explored for the imaging and modulation purposes , including
ionizing radiation, magnetism and optics. Ultrasound, as a versatile mechanical energy
transmission modality, has been extensively used in clinical practices, covering
applications from imaging to noninvasive interventions. However, the potentials of this
ubiquitous modality have yet to be uncovered in cellular immunotherapies.

The nanobubble (NB), gas-filled hollow nanostructures with various formulations,
has recently brought substantial potentials into the field of ultrasound. With the
assistance of NBs, the ultrasound modality, usually thought as macroscopic energy
transmission modality, is now showing broadened potentials, especially on interacting
with cellular targets with specificity. In this thesis, we describe strategies that, with the
assistance of NBs, enable tracking and control of therapeutic immune cells by the
ultrasound modality. We employ the novel biogenic NB, gas vesicles (GVs), as the
acoustic tag and actuators for the implementation of cell tracking and mechanical
switching strategies by ultrasound.

To achieve noninvasive tracking of adoptive immune cells by ultrasound imaging,
GVs are employed for the acoustic labeling of the cells. The GV surface is
functionalized by streptavidin coating, which enables stable attachment of GVs on
biotinylated cell surface via biotin-streptavidin conjugation. We show that the labeling
is well-tolerated by the cells, with essential functionalities unaffected after the labeling.
We demonstrate that, after ex vivo labeling with GVs, it is feasible to detect labeled
cells by nonlinear contrast-enhanced ultrasound imaging both in vitro and in vivo. In

mouse models of subcutaneous hepatocellular carcinoma, we further demonstrate the
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tracking of adoptive NK-92 cells by ultrasound imaging, showcasing a potential
dynamic evaluation method for adoptive immune cells.

We then demonstrate a mechanical switching strategy for the ultrasound control of
genetic expression in engineered immune cells, utilizing GVs as cell-attached actuators.
We show that surface-attached GVs enable induction of calcium influx in cells upon
ultrasound stimulation, which further elicited transcriptional activities in calcium-
centered signaling pathways, laying grounds for mechanical switching of genetic
expression. We show in engineered NK-92 cells that the expression of target genes
could be induced by the GV-actuated ultrasound stimulation. This demonstrates the
feasibility of controlling genetic expression through ultrasound stimulation, indicating
potentials of on-demand induction of pre-programmed therapeutic potencies in
engineered cells in cellular therapies.

Altogether, we demonstrate that, with the assistance of NBs, it is feasible to use the
ultrasound modality for noninvasive tracking of adoptive immune cells, as well as for
mechanical switching of genes. These establish a new role of the ultrasound modality
in cellular therapies, with potentials in cost-effective post-treatment evaluation, therapy
design and optimizations, as well as in implementing all-acoustic monitoring and
manipulation on therapeutic cells. This also substantially expands the scope of
ultrasound in theragnostic applications, paying the way for combining the ubiquitous

ultrasound modality and the novel therapeutics.

Keywords: Ultrasound imaging, ultrasound stimulation, cellular immunotherapy, cell
tracking, cell modulation
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Chapter 1 Introduction

1.1 Cancers and cancer therapies

Cancer, one of the most devastating causes of death across the globe, has ranked the first
or second leading cause of premature death in most countries around the world (Figure 1.1).
With increasing ages in the global population, the death toll has been climbing up to nearly 10
million worldwide in 2020. The incident rate of cancer has also been expected to grow by
almost 50% in year 2040, imposing great burden and challenges to the society [1]. Although
dreadful, the mortality rate of cancers has been declining, thanks to the advances in the

understandings of cancer biology, as well as in the theragnostic strategies.
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Figure 1.1. Global map of cancer as the leading cause of premature death. (Image adapted from [1]).

The dire of the cancer has been recognized and recorded throughout human history.
Ancient Egyptian Imhotep wrote down, probably the first, description of breast cancers as
bumps with irregular shapes and uncontrolled growth on his note of diagnosis and medicine,
thousands of years ago. Unfortunately, the noted therapeutic approach was “There is none”.
Over the past hundreds of years, several major therapeutic approaches nowadays for cancers

have been explored by pioneers from various fields, driven by the evolution in the



understandings of the nature of cancers (Figure 1.2).

Figure 1.2 Traditional well-established treatment strategies for cancers. Image adapted from [2].

With the development of cellular pathology, the treatment strategy by surgical removal of
tissues consisting of such uncontrolled cells was explored by William Halsted, known for his
mastectomy in breast cancer treatment. Although with primary tumor removed, the surgical
method usually provides limited efficacy. Most patients could suffer from recurrence due to the
highly metastatic nature of cancers, one of the notorious cancer hallmarks that make it dreadful
and difficult to treat (Figure 1.3) [3]. The therapy could sometimes be difficult to implement
as well, since the primary tumor could be surgically un-removable due to the locations and/or
the level of local and systematic progression.

With the discovery of radiation and in turns the prevalence of X-ray in imaging, the
radiation has been explored for cancer treatment at no time. The ionizing radiation damages
the DNA and causes cell death, which is exploited to neutralize malignant cells in the body.
With the tissue-penetrating capability and advances in technology, it was further made possible
to shape radiation beams to confined area of the body, decreasing burden of large-scale surgical
interventions. By concept, the nature of radiotherapy is similar to surgical removal, while the
blade and scissors were replaced by high-energy radiation that penetrate biological tissues to

achieve non-invasive destruction of the malignant tissues. Therefore, a monotherapy by such
2



scheme could also suffer from tumor metastasis, since local destruction might not guarantee
fully clearance of cancer cells that might have already been detached from the primary tumor.
At the meantime, the radiation exposure itself is one of the risk factors for carcinogenesis,

leading to concerns of secondary cancer malignancies [4].

Sustaining proliferative
signaling

Resisting Evading growth
cell death suppressors

Inducing Activating invasion
angiogenesis and metastasis

Enabling replicative
immortality

Figure 1.3. Hallmark capabilities of cancers. (Image adopted from [3])

Chemicals, biologicals, or pharmaceuticals in any sole or synergic forms, have long been
pursued in human history of disease treatment, and the cancer makes no exception. The
chemotherapy is often applied as adjuvant treatment following the surgical removal or
radiotherapy. Based on the idea of inhibiting cancer cell growth by cytotoxic agents,
chemotherapy has been introduced to slow or stop tumor growth, as well as preventing the
spread of cancerous cells. Compared to local therapies like surgery or radiotherapy, the idea of
administrating therapeutic agents into patients features a systematic therapeutic approach, with
the potentials of controlling or even clearing metastatic cancerous cells. While the toxicity of
the drug is usually not exclusive to the malignant cells, meaning that it could also greatly
damage healthy tissues in the body, introducing significant burdens and severe side-effects on
the patient [5].

The aforementioned surgical removal, radiotherapy, and the chemotherapy and often
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combinations of these well-established strategies have all brought significant benefits to the
treatment of cancers. The noted therapies against the cancer on our modern guidance of clinical
practice is no longer the helpless “There is none” written in ancient Egyptian. However, the
complete remission in long term is still a challenging goal, accompanied by numerous side
effects that would be beard by patients undergoing the therapies. The deeper investigation into
the cancer biology remains, and the search for novel therapeutic approaches with improved

efficacy continues.

1.2 Immunotherapeutic approaches for cancer treatment

In recent decades, as the understanding in cancer-immune biology evolves, the researchers
and practitioners have realized the importance of the active involvement of the immune system
in therapeutics against cancers. The development and progression of cancers are found to
associated with the changes in its local microenvironment, of which the immune cells have
been revealed to make up a considerable portion. With the protracted and spiraling game
between cancer cells and immune cells throughout the cancer development, as well as
therapeutic interventions (Figure 1.4), the tumor immune microenvironment (TIME) has been
revealed as one of the essential component to consider in the treatment of cancers [6, 7].
Effector immune cells, such as cytotoxic T lymphocytes (CTLs), are recruited to tumor
initiation sites for the eradication of the cancerous cells, creating a pro-inflammatory
environment. At the meantime, immune cells with suppressive functions like regulatory T cells
(Tregs), are often recruited by the tumor during the progression, creating the
immunosuppressive environment that neutralizes anti-tumor activities of the effectors [8].
Therefore, the “cold” and “hot” TIME landscapes are formed according to different tumor-
immune interactions, presented at various stages of tumor progression with significant
therapeutic and prognostic indications. The “cold” TIME is usually found with exclusion or
absence of effectors, associated with tumor escape from immunological clearance and
malignant progression, often found in patients with poor therapeutic outcomes. The “hot”

TIME, on the other hand, with high level of resident effectors at non-exhausted status, is more
4



desired for thorough tumor eradication during therapeutic interventions [9]. The remodeling of
the TIME, both on and before the cancer treatment, has been shown to closely related to the
therapeutic outcomes. Therefore, ideas and strategies have been proposed, with the hope of
maintaining and “hot” TIME accompanying other therapeutic interventions, as well as actively

manipulating the immune landscape in tumor for therapeutic purposes.

Tumor Initiation In situ Carcinoma Metastatic Dissemination

Natural killer cells. Rl Pro-tumoral macrophages.

CD8+ T cells. k Regulatory T cells.
Th1 CD4+ T cells. .. Immune Tolerance Regulatory B cells.
Cytotoxic macrophages Tumoricidal effector response Sl /mmature DCs.

Bl Pro-metastatic neutrophils.

and neutrophils.

Figure 1.4 The changes in the balance between effector and suppressor immune cells through the tumor

development. Image adapted from [6].

The awareness of association between immune system and cancer treatment has emerged
as early as in the nineteenth century, as the skin infection was demonstrated with positive
relation to better treatment outcomes in patients with sarcoma [10]. The idea of actively
employing, enhancing and manipulating the patients’ immune system in the cancer treatment
has been gradually shaped throughout the years, while the advent of advanced technology in
recent decades allowed identifications of axes and molecules related to immune regulation,
which in turns enabled the effective and precise harnessing of immune activities as therapeutics
against cancers.

Either by targeting immunity-regulating molecules and reshaping the TIME, or by actively
transferring effector immune cells into patients, the immunotherapy aims at exploiting the
tumor-specific killing effects of the immune system, as well as recruiting sustained waves of
anti-tumor activities for systematic and thorough clearance of the cancer cells [12]. The past
decade has witnessed the thriving development in the field of immunotherapies, which has

brought us thrilling success in treating several types of cancers, like leukemia and non-small
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cell lung cancer, etc., with several FDA approved forms [12, 13]. Based on different strategies
of exploiting the powerful anti-tumor immunity, several forms of immunotherapeutic
approaches have been explored for cancer treatment (Figure 1.5): immune checkpoint inhibitor
(ICI) therapy that wunleashes effector cell responses by targeted inhibition of
immunosuppressive mechanisms; cancer vaccination that actively induces adaptive anti-tumor
immunity in recipients by presenting tumor-associated antigens and initiating immune
activation cascades, either with prophylactic or therapeutic purposes; and adoptive cell therapy

(ACT) that exploits anti-tumor immunity by infusion of effector cells for cancer treatment.

| Cell Transfer Therapy Cancer Vaccine

CTL, Th,
NK, NKT, y6T

Engineered T cell
TCR, CAR

Anti-tumor Immun it\j Tumar cell Teell

T
Immune Checkpoint : -
Therapy @ @

Treg MDSC

Figure 1.5. Three major categories of immunotherapeutic approaches. (Images adapted from [11]).

Adoptive cell therapies

The ICI therapies and cancer vaccination usually rely on the active involvement of patients’
own immune system [12, 14, 15], which might often be comprised due to severe cancer
progression and/or side effects of other prescribed therapies like chemotherapies. Under such
circumstances, the patients’ own effector immune cells could be exhausted or inadequate for
systematic anti-tumor clearance, only limited benefits could be obtained even with the

applications of checkpoint inhibitors or cancer vaccines. In ACT, the harnessing, expanding,



stimulating and re-deploying effector cells, either from autologous or allogeneic sources,
provide better alternatives in such circumstances for improved efficacy based on potencies of
the adoptive effector cells. Moreover, the ACT features opportunities for active manipulations
on the therapeutic immune cells for higher anti-tumor potencies, as well as flexibility in
designing either off-the-shelf or personalized therapeutic effectors, making the ACT a
prospective therapeutic approach with potentials in a wider range of scenarios. As early as in
1960s, the adoptive cell transfer therapy was demonstrated by Southam et al., where half of the
patients with advanced cancer showed tumor regression following adoptive transfer of
leukocytes [16]. Similarly, the anti-leukemia effect of allogenic hematopoietic stem cell
transfer was demonstrated to be mediated by T cell versus tumor responses [17]. The tumor-
infiltrating effector cells could also be harvested from tumor biopsies, expanded ex vivo and
re-infused for therapeutic purposes, with complete regression demonstrated in patients with
metastatic melanoma when synergically used with lymphodepletion [18].

The effector cells could further be engineered for enhanced cytotoxicity against malignant
cells before adoptive transfer, owing to advances in synthetic biology in recent decades. With
the development of synthetic chimeric antigen receptors (CAR), the engineered effector cells
could also bypass the downregulated MHC molecules on cancer cells, which further enhances
their recognition and clearance ability against the tumor. By exploiting the active targeting and
trafficking abilities of cells, the cell-based immunotherapy also provides potentials of lowering
the systematic auto-immune responses associated with the use of whole-body checkpoint
blockade. The cellular immunotherapy with engineered immune cells has been demonstrated
with indispensable therapeutic benefits in various types of malignancies, with several FDA-
approved forms as well as thousands of ongoing clinical trials [19-25].

Challenges on monitoring and control

Although the progresses and perspectives are encouraging, challenges remain for the
adoptive cell therapy with largely heterogenous treatment outcomes across different patients.
The transferred immune cells might not always accumulate in the tumor as desired, with

frequent reports, often with significant delay, on insufficient intra-tumoral cell infiltration in
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non-responders. The “on-target off-tumor” cytotoxicity is also a major concern when cell-based
immunotherapy is applied, where the adoptive effector cells interact and attack on healthy cell
population with target antigen expression. Meanwhile, the uncontrolled activation of the
engineered effector cells has also been an issue, with chances of inducing adverse effects like
cytokine release syndrome (CRS) as well, sometimes with severe graft-versus-host (GVH)
toxicity in allogeneic transfer [26-28].

This calls for, urgently, strategies and tools for post-transfer monitoring and manipulation
strategies for these “living therapeutics”. After the adoptive transfer, the tumor recruitment of
the adoptive immune cells is one of the key factors related to the therapeutic efficacy, providing
valuable information for timely post-treatment evaluations. At the meantime, the trafficking
dynamics as well as cellular fate of the adoptive immune cells are also crucial in the
understanding of the cell-based immunotherapies, indispensable in the development and
optimization of cellular immunotherapies with adjuvant strategies [29]. Considering the
adverse side effects associated with CAR-engineered immune cells, there seems to be a
dilemma where the trade-off between potency and safety concerns is needed. Thankfully, with
recent advances in nanotechnology and synthetic biology, the activation of the engineered
immune cells could be tuned by external stimuli. The control of the anti-tumor cytotoxicity
and/or the boosting of the immune cell responses, preferably localized in tumors, further
enables overcoming immunosuppressive TIME with reduced concerns on eliciting systematic
immune-related adverse effects. The control strategies offer opportunities for these “living
therapeutic” to execute their strong effector functions in a well-orchestrated manner, featuring
a better solution to fully exploiting high anti-tumor potencies in cellular immunotherapies with
reduced safety concerns. As the prerequisite to timely and precise interventions, the
noninvasive tracking of these adoptive immune cells is in turns also essential in the

implementation of the on-demand activation of these potent effectors.



1.3 Monitoring and control strategies for therapeutic immune cells

1.3.1 Monitoring of the adoptive immune cells

The noninvasive cell tracking technology has enabled the monitoring of cellular fates and
distribution in living organisms, not only contributing to study of basic cellular biology, but
also playing crucial roles in understanding, managing and optimizing cell-based therapeutics.
Several noninvasive imaging techniques, based on different forms of physical energy
transmission, have been explored for the noninvasive cell tracking purpose.

Optical cell tracking methods

The optical imaging modality has been popular for observing dynamics of cells in
preclinical studies, owing to its fine resolution in space and time and the maturity of
fluorescence proteins. For the observation and tracking of cellular targets in living organisms,
the cell population of interest are tethered with probes that direct or indirectly generate photons,
often in specific wavelengths, either in forms of bioluminescence or fluorescence, for detection
by optical device. The locations and trafticking of the cellular populations could be determined
and followed by the changes of spots with concentrated photon emissions. Moreover, by
tethering the expression of fluorescence proteins with certain cellular processes, the state of
cellular activations functionalities and fate related to their homing locations could further be
examined with optical imaging methods.

Among optical imaging methods, the intravital microscopy (IVM) has been widely applied
in research to monitor the fine details on cellular activities in their domestic environment after
infusion. The direct action of in vitro-activated adoptive T cells on tumor cells has been
observed via IVM in an early study on a mouse model of solid tumor, which has been revealed
as a primary mechanism behind adoptive T cell-mediated antitumor effects [30]. The slow
killing rate in these adoptive T cells, however, was also reported with the observations via IVM,
suggesting an intrinsic mechanism behind the limited efficacy observed sometimes in adoptive
T cell therapies. The dampened cytotoxicity of adoptive T cells was shown to be associated

with the presence of regulatory T cells (Treg), observed via IVM on lymph nodes [31]. A more
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recent study further used IVM to monitor the cellular fates of adoptive T cells in response to
synergic treatment with ICIs. The green fluorescence protein (GFP)-expressing cytotoxic T
cells were adoptively transferred in a mouse model of melanoma, followed by checkpoint
inhibitor administration. The microscopy revealed changes in T cell morphology, motility and
trafficking patterns in response to checkpoint inhibitors, suggesting an enhanced tumor
infiltration and target engagement on adoptive T cells synergically treated IClIs.

For a more wholistic view in small-animal imaging, bioluminescence imaging (BLI) and
near-infrared imaging (NIR) were employed, exploiting the deeper penetration profile of
photons at longer wavelengths. Such tool has been popular in following the traces and
sometimes expansion of cancer cells administrated in experimental animals, with broad
applications in preclinical studies for tumor progression profiling, tracking metastasis, etc. In
an ex vivo direct labeling manner, the fluorophore with long wavelengths was employed for the
labeling of natural killer (NK) cells. The in vivo tracking of these NK cells was then performed
via optical imaging, with tumor accumulation profile compared between CAR-engineered NK
cells with their parental cell lines [32]. Similarly, the near-infrared fluorophore was used to
label activated T cells, and hence in vivo tracking following adoptive transfer was conducted
via NIR imaging [33]. Using renilla luciferase-expressing T cells harvested from transgenic
mice, the trafficking and expansion of activated T cells were followed by BLI after the adoptive
transfer in mouse models of established tumors. Oscillating patterns were observed in
proliferation of these adoptive T cells during tumor rejection process, as well as the long-term
survival of these effectors in the recipient after the eradication of the tumor [34]. Similar BLI
approach was applied for the monitoring the trafficking of adoptive NK-92MI cells in mouse
model of anaplastic thyroid cancer pulmonary metastasis, with targeted inhibition of NK-92MI
demonstrated on the metastatic tumors [35].

Although contributing to the elucidation of biological and modulatory mechanisms behind
cellular therapies, the optical imaging methods are inherently with shallow penetration of light
in biological tissues. Therefore, optical imaging methods are primarily serving as a powerful

research tool in preclinical studies, widely employed for analyzing cellular distribution,
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behaviors, and fate in small animals. However, their applications in large animals or even

humans could be limited.

Nuclear Imaging methods

Nuclear imaging methods have long been applied in clinical practices for tracking
radiolabeled white blood cells as probes for infection and inflammation. Either by directly
labeling cells of interest with radioisotopes ex vivo, or by indirectly targeting them with
radiolabeled probes in vivo, the nuclear imaging methods allow sensitive and specific detection
of labeled cells after infusion with unlimited penetration, usually suited for whole-body
distribution monitoring. The single-photon emission tomography (SPET) has been exploited
for tracking ex vivo expanded NK cells in patients with renal cell carcinoma, where '''In-oxine
was used for labeling NK cells, with trafficking dynamics of these NK cells in major organs as
well as tumor sites visualized via SPET [36]. Similarly, single-photon emission computed-
tomography (SEPCT) has been explored for cytotoxic T cell tracking, with benefits of post-
infusion lymphodepletion demonstrated [37]. While the sensitivity of SPECT is relatively
limited compared to positron emission tomography (PET), the high dose of radioactivity is
involved in '''In-oxine labeling, raising concerns. Alternatively, the %°Zr-oxine has been
introduced for direct labeling of adoptive immune cells, including dendritic cells, cytotoxic T
cells, CAR-T cell, etc., which provides higher sensitivity and a long half-life [38-40]. Apart
from the direct labeling by radiotracers, reporter gene was introduced for nuclear imaging of
adoptive immune cells, where the transduced cells selectively uptake the radioactive probe
when positron-emitting substrates were administrated [41]. By reporter gene-assisted PET
imaging, the homing and distribution of adoptive therapeutic cells like cytotoxic T cells and
CAR-T cells were demonstrated, enabling the longitudinal monitoring of the trafficking and
viability of these immune cells [42, 43].

The nuclear imaging has been popular in tracking therapeutic immune cells, owing to its
deep penetration, high sensitivity and specificity. It has been widely employed for imaging

adoptive cells, even those genetically engineered ones, in clinical practices. However, the
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method provides relatively limited spatial resolution. Its intrinsic involvement of ionizing
radiation has also been a concern, especially when repetitive imaging and monitoring are
required, as radiation itself is a highly risky factor for carcinogenesis.

Magnetic resonance imaging methods

The magnetic resonance imaging (MRI) enjoys unlimited penetration and sub-organ level
spatial resolution. It has received increasing interests as a radiation-free alternative to nuclear
imaging methods for cell tracking in large animals and even humans. With superparamagnetic
iron oxide (SPIO) as contrast agents for cell labeling, the MRI has been clinically used for
visualizing the deposition of cells during adoptive injection [44, 45]. In cellular immunotherapy,
early explorations have been made, using highly derivatized crosslinked iron oxide
nanoparticle for ex vivo intracellular labeling of CD8+ cytotoxic T cells [46]. With the superior
resolution of MRI, the spatial heterogenous tumor recruitment of immune cells was observed,
and hence the serial administration regimen was suggested for its improved T cell coverage in
tumor compared with bolus administration. Efforts have been seen in this field on improving
the sensitivity and optimizing the labeling yield on non-phagocytic lymphocytes like NK cells
[47, 48]. The Fluorine-19 MRI has been recognized with revolutionizing potentials in the field
of MRI, as the '°F tracers enables detection with negligible background signal [49]. It was
exploited for the tracking of dendritic cells and CAR-T cells in recent studies, majorly based
on ex vivo direct labeling methods. The sensitivity of MRI-based detection of cells, however,
has been an issue. A large dose of magnetic contrast agents has to be applied for gaining
sufficient signal from the target cell population, of which the safety raises concerns [49].
Moreover, the relatively long image acquisition time of MRI and also nuclear imaging methods
limit their use in applications requiring real-time image-guided interventions.

By monitoring the post-infusion fate of the therapeutic cells, a deeper understanding of the
living therapeutics could be gained for treatment scheme design and optimization. At the
meantime, the timely post-treatment evaluation of therapeutic cell recruitment in the
destination tissue could be made, which is regarded as the pre-requisite for them to execute

their desired functions. By such evaluation, t the treatment-related decisions could be made
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with first-hand information on trafficking and homing efficiency of the transferred therapeutics.
Moreover, with the recent advances in biomaterials and synthetic biology, the monitored intra-
tumoral accumulation of adoptive cells also informs practitioners with a window for well-

orchestrated manipulation on the cellular activities.

1.3.2 Control strategies for immune cells

Apart from the post-infusion monitoring, the capability of fine-tuning the activities of the
adoptive immune cells provides opportunities for addressing the side effects accompanying the
cellular immunotherapies, improving the safety and manageability of these living therapeutics.
At the meantime, the enhancement of the anti-tumor activity also offers chances for
overcoming barriers presented in the immunosuppressive TIME. Indeed, the evolvement of
cancer therapies, from surgical resection to immunotherapies, features more precise targeting
and delicate control of the underlying biological processes in stronger association with the
eradication of cancerous cells. With the hope of actively modulating therapeutic immune cells,
tremendous efforts have been made in explorations of immunomodulatory molecules, as well
as advanced nanocarriers for their delivery, along with the development of cellular
immunotherapies [50-52]. Inevitably, these immunomodulatory molecules have been
entangled with complications associated with their systematic redistribution, limiting the

applicable dosage and achievable efficacy [53, 54].

With recent advances in nanotechnology and synthetic biology, the researcher has been
gaining increasing control directly on the adoptive immune cells. As compared to the
modulatory agent that caged in stimuli-responsive carriers, genetically engineered cells with
responsive “switches” to external stimuli, sometimes combined with local actuators that
amplify the stimulus. These engineered cells are then manipulated directly with spatiotemporal
precisions via external energy transmission, free of concerns on the dissemination and

redistribution of immunomodulatory agents in the system. In the cellular immunotherapy, these
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approaches have been extensively explored for manipulating the activity and behavior of the
cellular targets after adoptive transfer, so that the therapeutic functionalities could be initiated
or enhanced locally at the tumor site.

Noninvasive genetic induction via physical energy transmission

With the broad success and application of optogenetics in neuroscience, it has naturally
been explored in modulating and controlling therapeutic immune cells. In such schemes, the
light-activatable proteins are introduced as “switches” that convert light stimulus into cellular
responses, in forms of either specific genetic circuitry initiation, or assembly of functional
components at protein level [55-57]. The light-controlled switches are extensively explored for
the control of CAR-expression on effector cells, with the hope of exploiting their potent anti-
tumor cytotoxicity while reducing concerns of serve immune-related side-effects associated
with activations at off-tumor sites [58-61]. The blue-light inducible nuclear translocation and
dimerization system was introduced in [59], optimized for expression efficiency of light-
induced CAR expression in T cells and minimal background expression in the absence of light
stimulation. Such stringent switching system offers opportunities for exploiting highly potent
CAR designs, with reduced concerns on background activations of such effectors in undesired
sites. In another design, the intracellular domain of CAR was designed to be expressed as two
separate components, tethered with light-inducible dimerizers. Therefore, even with expression
in the cell, the downstream signaling of these CAR components would be blocked in the
absence of light, while the reversible assembly could be achieved by light switching with high
spatiotemporal precision [60, 61].

Challenges, however, remain for the light switching control on therapeutic immune cells.
The limited penetration depth has been haunting light-dependent mechanisms, especially when
it comes to large animals and eventually patients. These systems rely on the blue light as
switching signal, owing to the robustness of blue light-responsive components, while the light
at such short wavelength has been known to have poor penetration in biological tissues. Even
with NIR-responsive photosensors being explored, the requirement of expressing multiple

exogenous proteins imposes extra burdens on engineered cells [62, 63]. At the meantime, the
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non-specific background activation of the gene could also occur, imposing potential risks as
well given the rapid and intensive anti-tumor activities of CAR-expressing effectors. Therefore,
such blue light-based systems commonly require synergic implementations with upconversion
nanoparticles (UCNPs), which convert photons from long wavelengths to short wavelengths.
By the incorporation of UCNPs that convert NIR light into blue light, either through local
injection or through conjugation with the cells, the penetration limitation of blue light-based
switching systems could be partly overcome, exploiting both the penetration advantage of NIR
light as well as the robustness of blue light switching systems [61].

Heat-responsive synthetic genetic circuitry is another popular switching strategy for
controlling physiological processes. The heat shock factor (HSF), as naturally existing cellular
machinery to sense thermal stress, activates heat shock promoter and hence initiates expression
of downstream genetic circuitry upon hyperthermia [64]. It has been widely exploited for
manipulating genetic expression in cellular structures, offering opportunities for transducing
various forms of physical energy into biological signaling.

Several types of photothermal nanomaterials like gold nanoparticles converts light into
heat, allowing initiation of heat-responsive genetic circuitry by NIR light at deeper tissues with
spatial confinement [65-67]. Such photothermal switch has also been employed to
preferentially manipulate gene expression in adoptive T cells in tumors. Gold nanorods were
incorporated with T cells transfected with heat-responsive genetic circuits as local converters,
transducing NIR light into heat for hyperthermia induction. The system has been explored for
NIR-controlled CAR expression, as well as synergic expression of CAR and IL-15
superagonists, on adoptive T cells for enhanced tumor therapy and microenvironment
remodeling [68].

Magnetic nanoparticles could serve as local transducers that convert alternating magnetic
field into heat, allowing in vivo control of physiological processes with external magnetic field
[69-71]. Intriguingly, with the deep penetration of magnetic energy in biological tissues, the
nanoparticle-assisted magnetothermal effect could be exploited for initiating heat-responsive

genetic circuitry, serving as another switching tool for the implementation of controlled cellular
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therapy. Although there has not yet been any report on magnetic field-controlled CAR
expression, the magnetothermal effect has been employed for controlling engineered probiotics
in cancer treatment [72, 73]. The probiotics were engineered to express fluorescence reporters
and NDH-2 enzyme upon hyperthermia, pre-loaded with magnetic nanoparticles before
adoptive transfer. The alternating magnetic field was applied upon bacteria homing in the TME,
initiating the heat-responsive genetic expression of reporters for location tracking and the
NDH-2 enzyme for damaging tumor with reactive oxygen species (ROS) [73]. Similarly, the
nanoparticle-loaded probiotics, engineered to express lysis proteins, were triggered
intratumorally with external magnetic field for immunogenic bacterial lysis and release of
immunotherapeutic drug payloads, implementing controlled immunotherapy with controlled
cellular agents [72].

The high-intensity focused ultrasound has been clinically applied for local tumor ablation,
owing to its deep penetration and fine spatial precision. The hyperthermia induced by focused
ultrasound has also been exploited for in vivo gene expression manipulation [74-76]. It is,
naturally, another prospective candidate for manipulating heat-responsive genetic circuitry in
cellular immunotherapies. Indeed, the ultrasound has been employed for controlling the
engineered microbe to express immunotherapeutic components like checkpoint inhibitors and
interferon-y in the tumor, through heat-shock protein tethered genetic circuitry [77, 78].
Recently, the focused ultrasound hyperthermia has also been employed to initiate CAR
expression on adoptive T cells, featuring a spatiotemporally controlled activation of CAR-
expression strategy by the ultrasound modality [79].

However, the heat dissipation through biological tissues imposes challenges on the spatial
precision of the control strategy relying on hyperthermia. Some heat-responsive components
have also been reported to be activated by mechanical stress or hypoxia [80-82], limiting the

specificity of this such switching mechanism.
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1.4 Ultrasound as a versatile tool for noninvasive energy transmission

The challenges faced by cellular immunotherapy, as well as the deepened understandings
in cancer-immune biology, urge the development of strategies for noninvasive tracking and
manipulation of therapeutic cells with spatial and temporal precision. The ultrasonic wave, the
form in which mechanical energy travels through biological tissues at wavelengths on the order
of hundreds of microns, has been extensively exploited for various applications in both
preclinical research and clinical practices. Extensively used in clinical settings, the ultrasound
imaging has been applied for a broad scope of examinations, including tissue morphology, fluid
flow, mechanical properties, etc. [83]. The ultrasound imaging modality enjoys both deep tissue
penetration and real-time compatibility, making it a popular tool of real-time imaging guidance
for invasive interventions, such as image-guided biopsies and injection including therapeutic
cells. With the assistance of targeted ultrasound contrast agents, the ultrasound imaging has
also been introduced into the field of molecular imaging for noninvasive detection of molecular
targets in living organisms [84]. When transmitted in a focused manner with high intensities,
the ultrasonic energy is also capable of inducing temperature surge in the focal region. Such
properties have been exploited for thermal ablation of biological tissues, tumors for example,
for therapeutic purposes [85]. In recent years, the ultrasound has been further explored as a
versatile tool for noninvasively modulating neuronal activities in a reversible manner [86, 87].
Such neuro-modulatory effects have been explored for the treatment of diseases related to
neurological pathology directly, as well as indirectly modulating physiological processes linked
to nervous systems [88-94].

By principle, the ultrasound enjoys both spatial and temporal precision with efficient
energy transmission deep into biological tissues, which means a combination of advantages of
other physical cues like light and magnetism together in one modality. This makes the
ultrasound an attractive candidate for implementing noninvasive cell tracking in cellular
immunotherapy, as well as serving as the triggering input in control strategy design for

manipulating engineered immune cells. However, to date, the potentials of ultrasound modality

17



in cell tracking have yet to be fully explored, especially in cellular immunotherapies. At the
meantime, although the hyperthermia-induced by high-intensity focused ultrasound has been
applied for in vivo manipulation of cellular behaviors, such as CAR-T cells and engineered
bacteria [77-79], the has not yet been a strategy that is exploiting the mechanical force
generated by ultrasound to manipulate therapeutic cells with in vivo compatibility. While the
heat dissipation limits the spatial precision of hyperthermia-based induction, the mechanical
effect from ultrasonic waves in biological tissues comes with a deep-penetrating profile with
fine spatial confinement. Moreover, comparing with the heat generated as secondary effect
from interactions between high intensity mechanical waves and biological tissues, the direct
mechanical force delivered by ultrasound features a potential multiplexing mechanism,
offering opportunities to switch multiple genetic circuits by the same input stimulus at different
parameters.

For the implementation of cell tracking with noninvasive imaging, the contrast agent is
usually required for enhancing the characteristic signal from cells of interest, enabling specific
detection of them from biological tissues in their resident environment. In ultrasound imaging,
the microbubble (MB) has been the most commonly used contrast agent with several clinically
approved formulation. The ultrasound contrast agent is usually gas-filled structures, providing
gas-liquid interfaces with high acoustic impedance, such that the scattering of the ultrasonic
wave could be significantly elevated in tissues with abundance of these agents. Moreover, the
oscillation of these flexible gas-filled structures under ultrasonic wave also generates
characteristic acoustic signal, which further enables specific detection of certain molecular
targets under nonlinear contrast enhanced ultrasound (nCEUS) imaging with tissue signal
suppressed. However, certain properties of MBs are inherently incompatible with the purpose
of tracking immune cells. With sizes of serval microns, the MB usually stays within the
intravascular space, while the migration and infiltration of immune cells through the tumor
tissues are essential to the execution of their effector functions. Tagging immune cells with the
micron-sized MBs should introduce physical burden on these cells, hamstringing their

capability of tumor infiltration. In addition, the cellular dynamic of immune cells is usually at
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time scales of hours and days, while the MB has a documented rapid breakdown at time scales
of minutes at in vivo conditions [95-98].

For noninvasive manipulation of therapeutic immune cells via mechanical effects by
ultrasound, such as CAR-expression initiation, the genetic circuitry of interest should be
designed to tether with mechanosensitive components in the cell. Calcium is one of the most
important mediators for cellular mechanoperception, whose ion homeostasis could change as
a result of mechanoreceptor response to mechanical cues, e.g., opening of mechanosensitive
channels. The change in intracellular calcium concentration further induces alterations
transcriptional activities, transduced by calcium-dependent transcriptional factors such as
nuclear factor of activated T cells (nFAT). A simple design is to tether gene of interest (GOI)
downstream to nFAT-responsive promoters. In such simple insertion design, the mechanical
force delivered by ultrasound pulses, under safety confinement or at intensities low enough to
avoid unnecessary agitations on other resident cells, might not easily surpass the threshold of
eliciting robust and sustained gene expression. A high intensity stimulation might also lead to
nonspecific activation of other cell population, introducing undesired complications in the
switching design. To achieve specific manipulation of the therapeutic immune cells, the key is
thus to elicit such cell signaling selectively in target cells by introducing sensitization
mechanisms. The immune cells, intrinsically with sensitivity to mechanical cues like shear
stress or tissue stiffness [99, 100], also rely on calcium transients to modulate their own cellular
processes [101, 102]. A simple sensitization design might suggest overexpression of
mechanosensitive ion channels, either endogenous or exogeneous, to make target immune cells
more responsive to mechanical ultrasound stimuli at low intensities. However, in such
sensitization design, the presence of endogenous mechanical cues could easily lead to
background expressions of the downstream gene circuits, limiting the specificity of the
manipulation strategy. Therefore, it leads to a solution of incorporating localized actuators for
amplifying the mechanical effects from ultrasound waves. The MB, with its flexible shell
encapsulating gas core, could experience volumetric oscillation under the agitation of acoustic

field, a mechanism addressed as stable cavitation. Such mechanism has been exploited for
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mechanically perturbating the cellular membrane for intracellular delivery purposes [103, 104].
At the meantime, such mechanism inherently provides a means to locally amplify and exert the
mechanical perturbation from ultrasound on cells, triggering mechanosensitive components for
modulatory purposes. Although MBs have been explored as robust actuators for eliciting CAR
expression in vitro, which is designed downstream to nFAT signaling [105], the short lifetime
and large sizes of MBs still hinder the transition of such switching strategy to in vivo

implementation.
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Figure 1.6. Different functional roles of gas-filled bubbles. The acoustic impedance in the gas-water
interfaces of bubbles contribute to strong echogenicity, enabling imaging of certain structures with enhanced
signal-to-noise ratio. At the meantime, the oscillations and movements of bubbles under ultrasound agitation
exert mechanical perturbations to the surroundings, providing means of amplifying and focusing of

mechanical force to structures tethered to these actuators.

The ultrasound contrast agent, with its gas-filled structure shell flexibility, plays a central
role in implementing noninvasive tracking and mechanical manipulation by ultrasound, serving
as transceivers of acoustic energy between microscopic cellular targets and the macroscopic
ultrasound transducers. The strong scattering and nonlinear echogenicity of the contrast agent
enables distinguishment of tagged cell population from their resident tissues in ultrasound

imaging. At the meantime, the oscillation of these hollow structures further serves as a localized
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actuator, which helps exert amplified mechanical perturbation on the cellular target. With the
limitations in current formulation of MB contrast agents, it naturally suggests a desired gas-
filled flexible structure at nanoscale sizes, with thermodynamical stability that endures long

under in vivo conditions.

1.5 Gas vesicles and their applications in ultrasound technologies

The gas vesicles (GVs) are protein-shelled gas-filled structures, synthesized within species
of prokaryotes for buoyancy adjustment in their aquatic environment. As intracellular
organelles, GVs are usually cylinder-shaped with nanoscale sizes, a few tens nanometers in
diameter and hundreds in length (Figure 1.7) [106, 107], demonstrating structures and
properties of biogenic NBs. The protein shells of GVs consist of a series of hydrophobic
proteins, which allow free exchange of gas from surrounding medium, enclosing an inner gas
cavity without pressure gradient across the shell. By contrast, synthesized MBs or NBs rely on
the shell to entrap preloaded gas within, which leads to high pressure gradient across the shell,
resulting in a stability highly dependent on shell material strength. Rigid shell components are
then inevitably reducing the flexibility of the bubbles, leading to trade-off between acoustic
responsiveness and the stability. While as the nature proposes optimized solutions via evolution,
GVs feature superior thermodynamical stability without the need of compromising shell
flexibility, offering biogenic NB formulation with thrilling potentials in the field.

The GV, with their gas-encapsulating structure, has been explored in recent years as
plausible ultrasound contrast agents, with their flexible shells shown to buckle under acoustic
field, generating strong nonlinear responses [106, 108]. With the acoustic properties and
surface functionalization methods demonstrated [109, 110], the GV has been popularly
exploited in ultrasound imaging studies covering various applications. As biologically
degradable protein structures, GVs have been employed for in vivo lysosomal function
evaluation by dynamic changes of GV-based ultrasound signal in the liver [111]. The perfusion
efficiency of GVs in the tumor has been compared with MBs, suggesting a higher perfusion

rate and extravasation profile of GVs even in ischemic regions of tumors [112]. By tumor-
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targeted and reticuloendothelial clearance-escaping surface modification, the GV has been
demonstrated as plausible imaging probes for molecular ultrasound imaging, showing efficient
extravasation in tumor tissues and persisted signal enhancement with specific target binding
[113]. Specialized imaging strategies have also been proposed to increase the detection
specificity and sensitivity of GVs, including plane-wave compounding method [114], burst-
scheme combined with time-domain decomposition processing [115]. Other than imaging-
oriented studies, GVs have also been exploited as ultrasound-responsive agents for the delivery
of therapeutics, including therapeutic oxygen delivery, enhanced SDT therapy, and intracellular
delivery of genes [116-118]. With their shell flexibility and buckling under acoustic field, GVs
have been employed to locally amplify the mechanical effect of ultrasound wave, achieving

modulation of deep-brain neuronal activities with spatial precision [119].

Figure 1.7. TEM image of GVs

With their biogenic nature and protein-only shell composition, GVs have also been

explored as genetically encodable acoustic responsive structures. By mining the genetic

22



clusters with stable expression in mammalian cells, the acoustic reporter gene (ARG) has been
shown as potent tool for ultrasound imaging of gene expressions in vivo [120, 121]. The
bacterium expressing GVs have also been exploited for tumor treatment, where the intracellular
GVs generate violet mechanical shock upon ultrasound-induced GV collapse, causing
immunogenic cell death in tumors and enhancing the effect of checkpoint immunotherapy. The
intracellular expressed GVs also enabled manipulations of bacterium movements by acoustic

field [122, 123], with demonstration both in vitro and in vivo.

1.6 Employing GVs as probes and actuators in cellular immunotherapies.

The versatile GV has shown its tremendous potentials in various applications with
ultrasound modality, including molecular imaging, therapeutic delivery, cellular modulation
and manipulation, and malignancy destruction etc. With their nanoscale sizes and the
demonstrated properties in response to ultrasound wave, it is reasonable to hypothesize that
GVs shall serve as plausible tags for the ultrasound tracking of immune cells in cellular
immunotherapy, and furtherly as the local actuators to exert modulatory mechanical force on
engineered immune cells for switching purposes.

In this thesis, we shall first exploit GVs to label immune cells, by which we shall introduce
an ultrasound cell tracking strategy with the application demonstrated in adoptive cell
immunotherapy. This shall establish the compatibility of ultrasound imaging with the purpose
of tracking immune cells in vivo, introducing the versatile ultrasound imaging tool into field of
cellular immunotherapy. Moreover, the successful imaging of GV-tagged immune cells, after
their infiltration into tumors, shall suggest intact GV structures and competence of their
acoustic properties in the context of immune cell infiltration. This shall lay grounds for further
GV-actuated ultrasound modulation on engineered cells, as these cell-tethered GVs should be
responsive to ultrasound wave with their intact structures. The GV-actuated switching strategy
on immune cells shall be then explored. The nFAT signaling pathway will be employed for
designing genetic circuitry responsive to mechanical stimulus, with cellular responses to GV-

enhanced ultrasound stimulation will be examined at stages along the pathway. Gene of interest
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(GOI) expression shall be further demonstrated with the switching system, establishing the GV-
actuated switching strategy that converts ultrasound mechanical stimulus into cellular

behavioral responses for cell-based immunotherapy.
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Chapter 2 Tracking adoptive NK cells with nonlinear contrast

enhanced ultrasound imaging assisted with nanobubbles

With the versatile role of GVs in ultrasound-related applications, demonstrated in previous
studies, GVs shall be exploited for labeling immune cells and hence tracking adoptive immune
cells via ultrasound imaging in the context of cellular immunotherapy. Specifically, the cell line
of natural killer (NK) cells, NK-92, shall be employed as the example platform. The labeling
of NK cells by GVs shall be approached through ex vivo biomolecular conjugation, followed
by functionality evaluations on the GV-tagged cells. Then the ultrasound imaging properties
shall be examined in vitro, establishing the fundamentals for the feasibility of detecting GV-
tagged NK cells under nonlinear ultrasound imaging. Then the labeled NK cells shall be infused
into healthy mice, with the detectability by ultrasound imaging further determined in vivo. At
the end, the tracking of acoustically labeled NK cells shall be demonstrated in the context of
adoptive cell therapy, on animal models of subcutaneous hepatocellular carcinoma. The tumor
recruitment of adoptive NK cells shall be examined, accompanying the dynamical analysis
ultrasound contrast in the tumor following adoptive transfer, such that the efticacy of GVs on
enabling ultrasound imaging detection of tumor-infiltrated adoptive NK cells will be evidenced.
This will establish the ultrasound tracking of adoptive immune cells in cellular
immunotherapies for cancers, validating the concept of employing stable and nanosized

contrast agents for labeling cells without impairing their effector functions.

2.1 Backgrounds

The adoptive cell therapy (ACT) has received unprecedented success in cancer treatment
in recent decades, with thrilling therapeutic benefits demonstrated especially in leukemia and
lymphoma patients [12, 13, 124]. However, challenges remain for the ACT in many aspects.
Some of the patients have been reported to have insufficient intra-tumoral recruitment of

effector cells following the therapeutic cell transfer, accompanied by cases where on-target off-
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tumor accumulation of the infused cells occurred. Poor responses to the therapy, as well as
adverse side effects were often seen in these situations [28, 37, 125-127]. As the knowledge in
cancer-immune biology evolves, it is gradually revealed that the trafficking, persistence and
activation of the adoptive immune cells in the tumor microenvironment (TME) are tightly
related to the therapeutic efficacy. This imposes the urgent needs for effective post-transfer
monitoring of the therapeutic immune cells, by which crucial information could be assessed
for both post-treatment evaluation, as well as exploration and desgin of co-treatment strategies
that maximize the therapeutic benefits. [29, 128]. As the prerequisite to timely and precise
interventions, keeping track of the adoptive immune cells also plays an important role in on-
target activation strategies, by which higher anti-tumor potencies could be exploited with less
safety concerns.

The traditional check-up methods like blood tests or biopsies often suffer from limited
spatial precision, as well as delayed information on adoptive cell infiltration in the tumor,
costing precious treatment window for cancer patients. The noninvasive imaging technologies,
by contrast, have enabled the tracking of cells in living organisms with spatial precision. The
trafficking, tumor infiltration, and even activation of adoptive immune cells could be evaluated
with the imaging-based cell tracking techniques, allowing early-stage evaluation of the cellular
therapies following adoptive transfer. These would also provide valuable information for
practitioners to make treatment-related decisions [29, 37, 39, 42, 46, 129, 130]. Tremendous
efforts have been made in recent decades in exploring cell tracking strategies, combining
different imaging modalities with advanced materials to enable tracking of therapeutic immune
cells. Various imaging modalities, popular both in preclinical research and clinical practices,
have been explored for cell tracking purposes in cellular immunotherapies. Bioluminescence
imaging (BLI) and near-infrared (NIR) imaging offer high imaging sensitivity of optical
imaging methods, resolving in vivo biodistribution of targets with both spatial and temporal
precision [32-35]. These techniques received great popularity in preclinical studies involving
small animals, while their application in large animals and even humans are often limited due

to the penetration depth of light. With the established use for tracking radiolabeled white blood
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cells in clinical practices, the nuclear imaging methods naturally received intensive attentions
in the exploration of immune cell tracking strategies. With superior sensitivity and unlimited
tissue penetration, the nuclear imaging methods have enabled tracking of adoptive immune
cells both in preclinical research and clinical settings [36-43, 131-133]. However, the ionizing
radiation involved in nuclear imaging also raises concerns when repeated scanning and
dynamic monitoring are required. The magnetic resonance imaging (MRI) has been pursued as
a radiation-free alterative to nuclear imaging, as it also enjoys unlimited penetration with
additional bonus of superior spatial resolution [46-49]. While the relatively long acquisition
time limits the temporal resolution of MRI, safety concerns have been haunting MRI as well,
since there is a requirement of large doses of magnetic contrast agents for sufficient signal from
the target cell population.

Different imaging modalities have been contributing their unique advantages to the
tracking of adoptive immune cells, there has yet to be gold-standard strategy for noninvasive
tracking of these living therapeutics. The ultrasound imaging, as a widely accessible imaging
modality in clinical practices, it enjoys both deep penetration and high temporal resolution at
the same time. As a cost-effective and radiation-free imaging modality, the ultrasound imaging
has been extensively used in clinical practices, covering applications from imaging
examinations to image-guided procedures. It has also been adopted in cellular therapies for
image-guided injection of cells, naturally appearing as an attractive candidate for tracking
adoptive immune cells, showing unequivocal potentials in easy-to-access, early-phase and
dynamic adoptive cell monitoring, with clinical relevance. However, to our knowledge, there
has been limited results on ultrasound tracking of cells, especially in the context of cellular
immunotherapy for cancers. To implement ultrasound tracking of cellular targets, ultrasound
contrast agents (UCAs) are required for labeling cells of interests, generating signal for
distinguishing these cells specifically from their surrounding tissues. The microbubble (MB) is
the most common UCAs, which consists of either lipid or protein shells with gas core enclosed.
[97, 134]. Unfortunately, properties of MBs like micron-scale sizes and in vivo lifespan of

minutes have been hindering their application for the tracking of immune cells. The migration
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and infiltration of the adoptive immune cells in the tumor are prerequisite of their effector
functions. The MBs, usually with sizes of several microns, shall impose extra burden on the
labeled cells during their tumor infiltration process, as particle passing limits in tumors are
usually a few hundred nanometers [98]. At the meantime, the dynamics of immune cells in the
context of cellular immunotherapy are usually at time scales of hours, days and even weeks.
While the MBs are expected to experience quick decay within minutes at in vivo conditions
due to their thermodynamical instability [95-97]. These limitations of existing UCAs have
hamstrung the development of ultrasound-based tracking strategies for cellular
immunotherapies.

To enable ultrasound tracking of adoptive immune cells, nanosized UCAs with longer in
vivo persistence are desired. The gas vesicle (GV), a kind of protein-shelled gas-filled
nanostructures, has been demonstrated as plausible ultrasound contrast agents in recent years.
The GV has been receiving growing awareness, with versatile roles demonstrated in
applications involving the ultrasound modality [106-108, 111, 113, 119, 122, 123].
Mechanistically, GVs enjoy superior stability as their shells exclude water while allowing free
gas exchange, enclosing a hydrophobic core without pressure gradience across. The flexibility
of GV shells has also been demonstrated capable of generating nonlinear echo, enabling
specific detection for contrast-enhanced ultrasound imaging.

Herein, in this chapter, we propose to use GVs as nanosized UCAs to label immune cells,
and further implement adoptive immune cell tracking with ultrasound imaging in the context
of ACT for cancers. We chose the NK-92 cells, which have been shown with great clinical
potentials in recent decades [135-139] , as the example platform. We bind GVs to the surface
of NK-92 cells via the biotin-streptavidin conjugation, which allowed the detection of labeled
NK cells by nonlinear ultrasound imaging both in vitro and in vivo. We showed that the labeling
by GVs has no noticeable impact on cellular viability and functionalities, indicating
competency in cellular therapies against cancers. In a mouse model of subcutaneous tumor
xenografts, the tumor-infiltrating NK-92 cells were detected as early as 3h post-transfer by the

proposed ultrasound tracking strategy, with significant increase in the nonlinear ultrasound
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signal contrast. The dynamical monitoring of adoptive NK cell trafficking to tumors was further
demonstrated, with the IL-2 bolus administrated i.p. showing drastic enhancement of NK-92
recruitment in the tumor. The presence of labeled NK-92 cells in the tumor was further co-
validated by ex vivo examinations with optical imaging approaches. This suggests a successful
tracking of NK-92 cells via ultrasound imaging modality with GVs as nanosized UCAs for

acoustic labeling.

2.2 Materials and Methods

GYV extraction

Centrifugation
wash with PBS

Hypertonic cell lysis in

Standing and AP
[ 25% sucrose solution

removal of medium

Anabaena Harvesting Protein released in
culture Anabaena supernatant.

Top layer collected
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wash with PBS

Supernatant
washed with PBS

Purified GVs in PBS

Figure 2.1. GV extraction procedures.

To extract GVs from Anabaena flos-aquae, the Walsby’s method was used (Figure 2.1).
The GVs were first isolated from Ana via the hypertonic cell lysis, where the cells were quickly
suspended in the 25% sucrose solution to release in intracellular components upon lysis. The
mixture was left standing in 4°C till the separation between blueish supernatant and the settling
debris. The supernatant was collected and washed with PBS by centrifugation, during which

the GVs formed a milky white layer at the top. The milky layer was collected while the blueish
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solution was discarded, and such purification with PBS was repeated till the infranatant became

transparent. Finally, the GVs were resuspended in PBS and stored at 4°C for further use.
GV characterization

The size and zeta potentials of GVs were characterized using the Zetasizer Nano-Z
(Malvern Instruments Ltd, Malvern, UK) according to the manufacturers’ instructions. The GV
suspension in DI water was balanced to 25°C for the measurement. To determine GV
concentration, the UV-Vis spectrometer (100 Pro, GE Healthcare, USA) was used as previously
described [113, 116, 117, 119]. A documented conversion between ODsoonm readings, as

450pM/ODsoonm, Was adopted for the calculation of prepared GVs.
GYV functionalization

The biotin-streptavidin interaction was employed to attach GVs on the surfaces of NK-92
cells for the labeling purposes. To obtain a biotinylated surface on GVs, the EZ-link Sulfo-
NHS-Biotin (ThermoFisher Scientific) was used for biotinylation reaction on surface lysine
residuals according to manufacturer’s instructions. Briefly, the GVs were incubated with the
reagent for 20mins at room temperature, with a 10000-fold molar excess of the reagent over
GVs. Afterwards, the residual biotinylation reagent was washed with PBS through
centrifugation at least 3 times. The GVs were then mixed with the streptavidin, conjugated with
fluorophore Dylight594, at a molar ratio of 1:10000 for avoiding formation of streptavidin-
bridged aggregation. The mixture was incubated at room temperature for 30mins with gentle
shaking, after which the streptavidin-coated GVs (SA-GVs) were formed for the attachment of
biotinylated cell surfaces. The SA-GVs were purified with PBS through centrifugation for at
least 3 times to remove residual streptavidin in the mixture. The prepared SA-GVs were then

resuspended in PBS and balanced to desired concentrations, stored at 4°C before further use.
NK cell culture

The NK-92 cell line was purchased from ATCC (Rockville, MD, USA). The NK-92 cells

were cultured in MEM-a medium (12561056, ThermoFisher Scientific) at 37°C with 5% COx.
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To formulate the full medium for NK-92 cell growth, the following supplementations were
included: 10% heat-inactivated FBS, 0.2mM inositol, 0.02mM folic acid, 100U/mL IL-2, 1%
penicillin/streptomycin, and 0.ImM 2-Mercaptoethanol. To facilitate the observation of GV
binding, as well as identification of tumor-homing of NK-92 cells, the cells were further
transfected with EGFP and sorted before further experiments. The transfection of NK-92 cells
will be conducted via the viral transfection system. Briefly, the reporter genes were
incorporated into the lentivirus. Then 2x10° NK cells are transfected with lentivirus with
MOI=40, supplemented with 8ug/ml polybrene. The mixture will be centrifuged at 800g for
40mins at room temperature and incubated for 24h afterwards. The medium will then be
replaced by fresh medium and incubate for another 72h. Afterwards, 0.8ug/ml puromycin is
added into culture to select the transfected cells. After one week of selection, the cells are
collected for confirming the transfection and further experiments. The Hep-3B cell line was

cultured in DMEM medium supplemented with 10% FBS and 1% penicillin/streptomycin.
Labeling NK-92 cells

The SA-GVs were attached to the surface of NK-92 cells via biotin-streptavidin
conjugation. The surface of NK-92 cells were first biotinylated with EZ-Link Sulfo-NHS-
Biotin according to manufacturers’ instructions. The reagent was added to the cells and
incubated at 4°C to further avoid internalization of the biotin. Afterwards, the cells were then
washed with PBS at least 3 times to remove the residual biotinylation reagents. Afterwards, the
SA-GVs were added to the biotinylated NK cells for the binding, with an empirically
determined dosage of 80uL (OD10 in PBS) GVs to 5x107 cells. The mixture was incubated at
4°C for 30 minutes, with gentle shaking applied to avoid cell-cell binding due to pelleting
during the incubation. The cells were then washed with PBS at least 3 times with centrifugation
to remove free GVs from the suspension. The labeling rate was determined afterwards via
trypan blue counting. In general, the empirically determined protocol yielded a roughly 100%
labeling rate, with no obvious direct impact on the cell viability after the labeling procedure.

No cell floatation was observed due to excessive GV binding, neither did the cell-cell binding
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appear due to inadequate GV-cell ratio.

The MB was also included for the comparison of influences of different UCAs on cells.
The MB was attached to cells with the same protocols. Biotin-coated MBs were first
synthesized via the lipid film hydration protocol according to previously described formulation.
The streptavidin was then added for coating, with a similar procedure to SA-GV preparation.
The MB-labeled cells were then prepared according to protocol described above. The potential
bioeffect of MB shell components was further excluded via an additional group with shattered
MBs for labeling, where the SA-MBs were pretreated with sonication bath before labeling

procedure.
MTS test

The viability and proliferation of labeled NK-92 cells was examined with MTS assay. The
cells, after the labeling procedure, was balanced and seeded in 96-well plates at 5x10°
cells/well for 0, 24, 48 and 72-h incubation. An additional group without any labeling agent
(CTRL) was also included for comparison. After the incubation,10uL MTS was added,
followed by another incubation of 3h. The optical absorbance of the mixture at 492 nm was

then examined using a microplate reader (Ledetect 96, Labexim Products, Austria).
Migration Assay

The transwell assay was used to check the impact of labeling on the migratory ability of
NK-92 cells. The labeled cells were suspended in FBS-free medium at a balanced density. The
cells were then seeded in the transwell inserts of 24-well Transwell (S5um pore size, Corning
Inc., Corning, NY) at 1x10° cells/well, with 600uL full medium was added to chambers at the
bottom as the attractant to the labeled cells. After a 24h incubation, the medium at the bottom
chamber was collected for quantification of migrated cells through the pores, by which the

migration ability was evaluated.
In vitro ultrasound imaging of NK-92 cells with surface-attached GVs

After labeling by GVs, the NK cells were first imaged in vitro to evaluate the feasibility of
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detecting acoustically labeled cells via ultrasound imaging. The customized agarose phantom
(3% w/v) was made for the in vitro imaging experiments, with a sample-loading well at sizes
of pipette tips formed in the phantom. The imaging properties of the cell suspension was
evaluated with the Vevo LAZR imaging system, equipped with transducer LZ250. The
transducer was operating at Nonlinear Contrast Mode, with a center frequency of 18MHz and
Transmit Power set to 4%. The images were collected with a Contrast Gain at 30dB with
Dynamic Range set to 30dB and Standard Beamwidth. To further verify the source of the
contrast signal, we further applied a fully-power ultrasound burst with 1s duration was used to
collapse all GVs in the sample. The contrast signal before and after the burst was compared to
confirm the presence of intact GVs.

To examine the sensitivity of the acoustic labeling by GVs, the labeled cells were further
imaged at different cell densities. The cells were balanced to a gradient of densities from 10°
to 10° cells/mL after labeling. In vitro ultrasound imaging was then conducted on cells at
different densities for analysis of detection sensitivity. The signal persistence of the GVs was
also evaluated, with the labeled cells cultured at 37°C for 0, 3, 24, 48 and 72 hours before
imaging. Th FBS-low (3%) medium was used for the culture to reduce cell proliferation to
avoid confounding change in cell densities. After the incubation, the cells were collected by
centrifugation, and resuspended to the same density of 10° cells/mL. For all in vitro imaging,
the cells were imaged right after the processing procedures, with imaging phantom placed at

room temperature.
Animal experiments

All experiments involving animals were pre-approved by Department of Health of Hong
Kong SAR, with further authorization by the Hong Kong Polytechnic University Animal
Subjects Ethics Sub-committee. The nude mice were provided by the Centralized Animal
Facilities of Hong Kong Polytechnic University (male, 5-week-old, 20~25g weight).

The ultrasound imaging of mouse livers was conducted in healthy nude mice. The mice

were randomly divided into 3 groups, receiving intravenous transfer of free GVs, NK-92 cells
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(NK only) and labeled NK cells (GVNK). The nonlinear contrast signal in the liver was
evaluated before and every 15mins after the i.v. injection. The major organs were collected
right after the end of ultrasound imaging experiments, and the biodistribution of the infused
NK-92 cells was evaluated via the IVIS imaging.

To establish the tumor xenograft, Hep-3B cells were collected at a total number of 2x107
cells for each group, suspended in a mixture of full medium and Matrigel (1:1 ratio). The
mixture was injected subcutaneously to the right rear dorsum, with visible tumor established
about 2 weeks after the transplant. The volume of tumors was closely monitored by B-mode
ultrasound imaging. The experiments started when the average sizes of tumors reached
50~100mm?®. Five groups were included in the tumor imaging experiments, including (1) GV
only, (2) Control, (3) NK only, (4) GVNK, and (5) GVNK+IL2, with corresponding i.v.
infusion of 80uL free GVs in (1), 8OuL PBS in (2), 80uL cell suspension of 5x10° NK cells in
(3), 80uL cell suspension of 5x10° GV-labeled NK cells in (4) and (5). In addition to NK cell
transfer, mice in (5) further received a bolus of recombinant IL-2 (50x10°U), intraperitoneally
at 1h following the cell transfer, to actively boost the recruitment of the adoptive NK cells to
the tumor. The ultrasound imaging of the tumors was conducted before and 3, 24, 48, and 72
hours after the infusion, with all procedures conducted on day 0 and 14. The tumor growth was
measured every other day after the infusion, and the animal conditions were also monitored by
body weights, food consumption and activities on a daily basis. In groups receiving NK cell
transfer, 3 mice from each group were sacrificed 24h after the infusion for the collection of
tumors and major organs. The collected tissues were imaged with the IVIS imaging system to
check the biodistribution of the transferred NK-92 cells. Afterwards, the tumors were fixed
with 4% PFA, frozen for cryosection for microscopy examinations.

The in vivo ultrasound imaging experiments were conducted with the Vevo LAZR imaging
system, equipped with transducer LZ250 operating under nonlinear contrast (NLC) mode. The
center frequency was 18MHz, with a Transmit Power of 4%. The image collection was set with
a Contrast Gain of 20dB and a Dynamic Range of 30d, with the Beamwidth set to Narrow.

Anesthetization was applied during the experiment with isoflurane, with mouse body
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temperature maintained with the heated pad and the vital signs were monitored. Considering
the possible heterogenous distribution of adoptive immune cells in the tumor, the 3D ultrasound

scanning was conducted with the motor-controlled moving platform at 0.05mm step size.
Image Analysis

The contrast intensities under NLC mode were analyzed by MATLAB (Mathworks)
software. Manually defined regions of interest (ROIs) were applied to all images, covering
intra-tumoral volume without incorporating the tissue boundaries. The contrast intensities were
averaged within all ROIs throughout the tumor volume, with baseline normalization to reveal
dynamical changes in the contrast signal. The distribution of the contrast signal The spatial
pattern of contrast enhancement spots throughout the tumor volume was further shown in the

3D reconstruction images, generated with the Vevo LAB software.
Fluorescence microscopy

To observe and confirm the binding between SA-GVs and NK-92 cells, the confocal
microscopy was used to image labeled cells after the labeling procedures. The cells were fixed
with 4% PFA, and washed by centrifugation with PBS, stained with DAPI, followed by sealing
with cover slips. Similarly, to examine the presence of adoptively transferred NK-92 cells in
the tumor, the tumor slices were stained with DAPI and sealed with cover slips for fluorescence
microscopy. The samples were observed with a laser-scanning confocal microscope, with the
cells visualized by 488nm laser for their EGFP expression, and the GVs checked by 561nm
laser for their surface conjugation of Dylight594. The nucleus of all cells was also observed

with the 405nm laser for their DAPI staining.

Statistical Analysis

The statistical analysis was conducted with the MATLAB software, in triplicate data unless
stated otherwise. The two-tailed Student’s t-test was used to check significant differences

between two groups, while the one-way analysis of variance (ANOVA) was used to conduct
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comparisons among 3 or more groups with post-hoc correction by Fisher’s least significant
difference test. For all statistically significant differences (p<0.05), corresponding p-values

were marked between the two groups to indicate the plausible differences.

2.3 Results

2.3.1 Labeling NK-92 cells by surface GV attachment via biotin-streptavidin conjugation
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Figure 2.2. Graphical illustration of the GV-assisted tracking of adoptive immune cells by ultrasound
imaging. The immune cells were labeled with the nanosized UCAs, GVs, via biotin-streptavidin interactions

ex vivo, granting them nonlinear echogenicity for detection by ultrasound imaging after systematic transfer.

To grant adoptive immune cells with nonlinear echogenicity for detection by ultrasound
imaging modality, we proposed to use GVs for the ex vivo labeling via biotin-streptavidin
conjugation. Upon systematic infusion into tumor-bearing animals, the labeled immune cells
infiltrate tumors while the nanosized UCAs impose negligible burden. Upon accumulation of
the adoptive immune cells in the tumor, the cell-tethered GVs generate nonlinear echo upon
nonlinear contrast ultrasound imaging, enabling specific detection of these adoptive cells in the
tumor tissue (Figure 2.2). As the GVs have been extensively characterized for their imaging
properties as well as their surface chemical components in previous studies [113, 116, 117,
140], we do not provide detailed characterizations in this chapter while those who are interested

in these vesicles could refer to the aforementioned materials. As we adopted the established
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extraction and surface modification protocols, we do not expect alterations on GV imaging
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Figure 2.3. Labeling of NK-92 cells with surface-functionalized GVs. a) TEM image of GVs. b) Size

distribution of GVs characterized by DLS before and after the surface functionalization. ¢) Fluorescence
microscopy of EGFP-expressing NK-92 cells (green) after labeling with GVs (red). The cell nucleus was
stained with DAPI (blue). d) A zoomed-in fluorescence microscopy of representative NK-92 cells after

labeling with GVs.

Indeed, the GVs prepared for the labeling showed a cylindrical shape, with sizes of around
80nm in diameter and 600nm in length (Figure 2.3a). The size of GVs was examined by DLS
before and after the functionalization, with no significant change of the size observed for
surface coating by streptavidin (Figure 2.3b). Although a slight shift of the peak size was seen
in SA-GVs, the sizes were still within the nanometer ranges desirable for the application in cell

labeling and tracking purposes. The SA-GVs were then attached to the biotinylated surface of
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NK-92 cells, which was observed with the fluorescence microscopy (Figure 2.3c&d). The
position and morphology of NK-92 cells were determined by their EGFP expression as well as
the DAPI staining of the nucleus. Red spots indicating positive Dylight594 signal was observed
surrounding NK cells, with all cells in the field of view showing certain level of GV signal
(Figure 2.3¢). No noticeable binding between cells was observed, as excessive SA-GV dosage
was introduced to avoid GV-bridged cell-cell binding and ensure high labeling rate. Images at
higher magnifications further confirmed the presence of GVs at the vicinity of NK-92 cells,
with a clustered distribution pattern at the periphery of the cytoplasm (Figure 2.3d). No
noticeable entry of the GVs into the cytoplasm after the labeling procedure. This indicated that
the labeling was achieved, with SA-GVs attached to NK-92 cell surfaces. To ensure higher
labeling rate and to avoid GV-bridged binding between cells, the high dosage of SA-GVs was
introduced. The overdose might, however, lead to cell flotation when excessive GVs might
make labeled cells buoyant. To facilitate separation of GV-labeled cells from free GVs, as well
as efficient collection of labeled cells, the empirically determined GV dose was used in all
experiments, with gentle shaking applied during the binding process.

The fluorescence microscopy was used to observe and confirm the attachment of GVs on
NK-92 cells. However, the intensities should be partially related to the amount of GVs loaded
on individual cells, considering the variations in the sizes of GVs. The surface-attached shell
fragments of GVs, if any, could also contribute partly to the fluorescence intensities, making it
undesired for the estimation of GV loading capacity on individual cells. Therefore, regarding
the loading capacity of intact GVs, a rough estimation was made via the measurement of initial
GV and residual GV concentrations. To estimate the loading capacity of GVs on the cells, we
measured the dosage of GVs before adding to the labeling mixture, as well as the residual GVs
collected at the end of the labeling protocol. The difference two dosages should provide a rough
estimation on the number of GVs loaded on each cell. In current study, we estimated an average
of 895 £ 526 GVs loaded on each cell. However, it should be noted that such estimation shall
be overestimate, as the method should also be prone to presence of fragmentation, as well as

loss of residual GVs during centrifugation.
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Figure 2.4 Viability and functionality examinations of labeled NK-92 cells. a) Cell viability quantified
in MTS assay, on cells with no labeling (CTRL), MB labeling (MBNK) and GV labeling (GVNK). b)
[llustration of the migration test design. NK-92 cells, after surface attachment of different agents, were
loaded into the inserts with FBS-free medium. The lower chamber contained full medium to attract the
infiltration and migration through pores of Sum. ¢) Quantification of the migrated cells in lower chambers,
collected from groups with no labeling (CTRL), GV labeling (GV), MB labeling (MB) and shattered-MB
labeling (MB-S). All significant differences were marked with the corresponding p-values. d) NK-92 cell
functionality characterization by qPCR. Data collected from 3 independent experiments and presented in

mean + SD.

After validating the labeling strategy, we then examine its impact on the labeled cells. We
first confirmed the viability after all labeling procedures by trypan-blue counting, by which the
viability could be determined at over 90%. The following experiments were then conducted
according to the balanced densities of viable cells after labeling. The proliferation of labeled
NK-92 cells was examined with MTS assay. Indeed, for either MB or GV labeling, no

noticeable impact was observed (Figure 2.4a). The number of cells determined at days
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following the labeling with either of the agents showed no significant difference from the
control group, indicating that the procedures and the agents were safe for the labeled cells. We
then moved on to examine the migratory ability of labeled cells, using the FBS as the attractant
in the transwell assay with Spum pores (Figure 2.4b). The migrated cells through the pores were
then collected and quantified for evaluations of the migratory capabilities (Figure 2.4¢). In
both GV group and shattered MB groups, no difference was observed in the number of migrated
cells compared to the control group, suggesting no impact on the cellular infiltration and
migration through the pores. By contrast, there was a significant reduction in the migration of
the MB-labeled cells, indicating a compromised ability of MB-bound NK-92 cells in migration
and infiltration. Indeed, no viability change was observed within the span of the transwell assay,
nor was any bioeffect from MB shell components observed in MB-S group upon the migratory
ability. These suggested that, as we expected, the physical properties of MBs, most probably
their large sizes, were behind the compromised NK cell infiltration through the pores. Carrying
intact MBs with micron-scale sizes, the NK-92 cells were hamstrung during the infiltration, as
these large bubbles might increase impedance or even lodge the pathway. Effective infiltration
and migratory abilities are pre-requisite for the adoptive immune cells to execute their effector
functions in cancer immunotherapies. Considering the previously demonstrated stability and
entry capability of GVs into tumor [113], we demonstrated here that the use of nanosized GVs
for the labeling purposes shall preserve these capabilities of labeled NK cells. We further
evaluated other functionalities of NK-92 cells via qPCR (Figuer 2.4d). Indeed, we observed
no noticeable impact on the GV-labeled NK -92 cells on the mRNA level. These results
suggested good biocompatibility of GVs with the labeled NK-92 cells, with no impact cell
viability and functionalities, desirable for the implementation of cell tracking in the context of

cellular immunotherapy.
2.3.2 In vitro ultrasound imaging of NK-92 cells after GV labeling

After confirming the labeling protocol, we then proceeded to evaluate the feasibility of

detecting labeled NK cells by nonlinear contrast ultrasound imaging in vitro. The experiments
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were conducted in agarose phantoms made with sample-loading wells to hold the cell
suspension. Ultrasound images were collected under nonlinear contrast mode (NLC mode)
with the Vevo LAZR system, with B-mode images collected for comparison as well (Figure
2.5a).
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ultrasound images of labeled (GVNK) and control (NK) NK-92 cells. Cells were balanced to various
densities. Scale bars, 2mm. b) Average nonlinear contrast intensities in a. Contrast intensities were averaged
in manually defined ROIs within the phantom well cavity. Data collected from 3 independent experiments

with results presented in mean + SD. All significant differences were labeled with the p-values.

Although without any labeling by contrast agent, some speckles started to appear in B-
mode images of the NK cells when the density reached 10° cells/mL. The signal surged when
the density further increased from 10° cells/mL to 10° cells/mL, as the dense cell population in
the suspension significantly altered the acoustic property. By contrast, there was no observable
signal in the non-labeled NK cells under NLC mode even in the densest sample, since no source
of nonlinear echo was presented naturally in NK-92 cells (Figure 2.5a). The B-mode images
of GV-labeled cells showed a similar change in intensities across densities, with no noticeable
difference from the NK group. In NLC mode images of GV-labeled cells, speckles could be
seen starting at the density 10° cells/mL, indicating presence of detectable nonlinear echo in
the labeled cell population. The signal then became considerably bright when the density
increased to 10° cells/mL. The high-power ultrasound burst was applied to collapse the contrast
agents presented in the suspension, which led to the loss of contrast in GVNK group, indicating

GVs as the signal source. The average contrast intensity was quantified in ROIs covering the
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sample-loading well (Figure 2.5b). As expected, no change in NLC intensities was seen in the
NK group as cell density increased, as cellular structures of NK-92 cells should not contribute
to nonlinear echogenicity. By contrast, in GVNK group, the contrast intensity dramatically
increased at 10° cells/mL, with a significant 2.6-fold enhancement from the nonlabelled
counterpart. This suggested a detection threshold in current GV-based labeling scheme, where
the labeled cells were detected by nonlinear ultrasound imaging, with clear distinguishment
from non-labeled counterparts at densities around 10° cells/mL. Essentially, the biological
tissue is predominantly echogenic in fundamental frequency, similar to the non-labeled NK-92
cells at high density. This imposes substantial difficulties in identifying of specific cell
population in tissues, such as tumors, using B-mode ultrasound imaging. By attaching GVs to
target cells, echo at harmonic frequencies could be generated from cell populations of interests,
enabling specific detection of these labeled cells under nonlinear ultrasound imaging while the
background signal from surrounding tissues could be suppressed. Therefore, these suggested
that the labeling by GVs shall enable specific detection of the adoptive NK-92 cells, with

distinguishment from the surrounding biological tissues.
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Figure 2.6 Ultrasound imaging of labeled NK-92 cells at different time points after labeling. a)

Ultrasound images of NK-92 cells labeled by GVs, 0, 24, 48, 72h after labeling procedures. Images were
collected under both B-mode and NLC mode. Scale bars, 2mm. b) Average contrast intensities in a. Contrast
intensities were averaged in manually defined ROIs within the phantom well cavity. Data collected from 3
independent experiments with results presented in mean + SD. All significant differences were marked with

the p-values.

We then evaluated the persistence of the GVs after attaching on the NK-92 cell. After
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attaching GVs to the cells, the labeled cells were cultured for different periods of time and
imaged afterwards with density balanced (Figure 2.6a&b). FBS-low medium was used for cell
culture at 37°C to reduce cell proliferation, and the contrast signal dropped with increasing
post-labeling incubation time (Figure 2.6a). Nonetheless, distinguishably bright spots were
still observable in labeled cells after 48h incubation as compared to the non-labeled control,
suggesting presence of labeled cells with intact GVs in the sample. The intensity quantification
showed significant contrast enhancement up to 48h post-labeling in labeled cells compared to
their non-labeled counterparts, which returned to the baseline at 72h (Figure 2.6b). In previous
ultrasound imaging study, the GVs were shown to have longer signal persistence and such
signal decay was not observed [113]. Two possible mechanisms were speculated to underlie
the signal decay observed in current in vitro experiments. One possible mechanism was the cell
proliferation and the reduction in labeling rate. Since the cells were collected for density
balancing after the incubation, which was meant to exclude possible confounders by the
changes in cell numbers. Even with FBS-low medium used, however, the proliferation might
still occur, which would lead to a decreased labeling rate after the density rebalancing
procedures. Once with free GVs washed from the labeling mixture, the amount of GVs
remained unchanged in the system even when the cell number increased during proliferation.
Therefore, the rebalancing procedure might lower the total amount of labeled cells in the
samples, lowering the signal contrast. Secondly, the collapse and breakdown of GVs during
potential cell-GV interactions could also be a reason behind the signal decay during post-
labeling incubation.

The clustering of NK-92 cells during cell culture could increase possibilities of cell-GV
contact and hence interactions, even with the cushioning spatial arms introduced in the biotin
molecules used in current study. In certain cases, the tight clustering between cells might also
introduce chances of direct rupture of GVs during cell-cell interactions, while potential
interactions between cells and GVs could also lead to GV breakdown. Considering the
previously reported post-transfer dynamics of NK-92 cells [129], nonetheless, a signal

persistence up to 48h should also be adequate for detection and monitoring of these labeled
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cells at early phases following the adoptive transfer. As we focus on verifying the feasibility of
implementing adoptive immune cell tracking by ultrasound imaging during their tumor
infiltration, answering the question whether NBs were plausible agents for acoustic labeling of
adoptive immune cells, we shall proceed with the currently employed contrast agents and

labeling schemes.

2.3.3 Ultrasound imaging of acoustically labeled NK-92 cells after intravenous transfer in

vivo
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Figure 2.7 Ultrasound imaging of acoustically labeled NK-92 cells in vivo. a) Representative
fluorescence imaging of major organs harvested from mice. The organs were collected at one hour after
receiving transfer of either acoustically labeled (GVNK) or control (NK only) NK-92 cells through tail vein.
b) Representative NLC mode ultrasound images of mouse livers, collected before and at 15, 30, 45, 60,
75mins post-transfer of GVs (Free GV), acoustically labeled (GVNK) or control (NK only) NK-92 cells.
The liver tissues are circulated in by manually drawn ROIs (green solid lines) according to B-mode image
features. Scale bars, 2mm. ¢) Average contrast signal in b. Contrast intensities were averaged within
manually defined ROIs within liver tissues, with baseline normalization to reveal dynamic changes in the

contrast signal. Data presented as mean + SD, n=3 for each group.
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After establishing the detectability of acoustically labeled NK cells by ultrasound imaging
in vivo, we then proceeded to verify the feasibility of tracking these labeled cells in living
organisms by nonlinear ultrasound imaging. Since the liver has been reported as one of the
tissues that adoptive NK-92 cells accumulate in after intravenous infusion [129], we chose it
as the example homing environment for imaging and detecting labeled NK-92 cells. We first
validated the reported accumulation of NK-92 cells in livers by ex vivo IVIS fluorescence
imaging on organs collected from mice after one hour post-transfer. Indeed, in mice receiving
intravenous transfer of either labeled or non-labeled NK cells, the EGFP signal suggested livers
as the major distribution site of transferred NK-92 cells at 60min post-infusion (Figure 2.7a),
which was consistent with previous studies [32, 35, 129, 141]. As expected, in GVNK group,
the acoustic labeling by GVs didn’t alter the biodistribution of adoptive NK-92 cells, with the
labeled cells majorly found in liver. Hence, we proceeded to image mouse livers in vivo with
nonlinear ultrasound imaging, at various time points, including pre-transfer baseline, and every
15mins after the infusion of either free GVs, non-labeled and labeled NK-92 cells (Figure
2.7b). Before the infusion, livers in all groups showed minimal contrast signal as expected, as
the tissue background was greatly suppressed under the nCEUS imaging. After the intravenous
infusion of NK-92 cells, no change in the contrast could be seen in NK only group, while clear
bright spots started to show at 1 5min post-infusion (Figure 2.7b). Quantification of the contrast
intensities showed that the signal in GVNK group reached a plateau of about 10dB at 15mins,
which persisted till the end of the imaging session at 75mins post-infusion (Figure 2.7¢). In
NK only group, the signal remained unchanged compared to the baseline throughout the
imaging session, consistent with the observations in the NLC images. The EGFP distribution
shown in ex vivo IVIS images suggested liver accumulation of NK-92 cells in both groups,
while only the GVNK group was seen with contrast enhancement. These suggested that the
NK-92 cells tethered with GVs in GVNK group were detected by the nCEUS imaging, with
distinguishment from the liver tissue. The signal in Free GV group showed a quick rise similar
to GVNK group, with high contrast intensities at 15mins and 30mins post-infusion. While the

contrast in Free GV group quickly diminished after 30min, returning to baseline at 45mins
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(Figure 2.7¢). Indeed, the free GV has been reported to undergo lysosomal degradation, mainly
through phagocytosis by liver resident macrophages. This clearance mechanism led to quick
accumulation of free GVs in liver, followed by a rapid contrast decay within one hour [111].,
which was consistent with the observations in current study. By contrast, the contrast dynamics
observed in GVNK group were different from the reported free GV decay, which plateaued
between 15 and 30 minutes, persisted up to the 75mins. These further verified that the source
of contrast signal was indeed cell-tethered GVs instead of free GVs. The GVs attached on the
NK-92 cell surfaces might have undergone a different in vivo degradation mechanism from
free GVs, contributing to the longer persistence observed in current study. Without being
internalized and degraded by the resident macrophages, intact GVs preserved their
echogenicity on labeled cells. This allowed in vivo detection and distinguishment of labeled

cells by nCEUS imaging in the liver, and more importantly, prospectively in destination tissues

of their further migration.

2.3.4 Tracking acoustically labeled adoptive NK-92 cells by ultrasound imaging in cellular

immunotherapy
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Figure 2.8. Illustration of the experiment procedures. The experiment started when the tumor sizes
reached 50~100mm? (day0). Two doses of transfer were applied at day0 and day14, respectively. 3D scans
under the NLC mode imaging wer conducted on the tumor, before and at 3h, 24h, 48h and 72h post-transfer.
In one group of mice, a single bolus of IL-2 was administrated intraperitoneally for the boosting of the NK-

92 trafficking to tumors.
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Figure 2.9. Tracking acoustically labeled NK-92 cells in tumor-bearing mice by ultrasound imaging. a)
Representative VIS images of major organs and tumors. Samples were collected at 24h post-transfer of NK-
92 cells through tail vein. Samples were imaged for EGFP fluorescence for the localization of NK-92 cells.
b) Representative NLC mode ultrasound images of tumors taken at various points before and after the cell
transfer. The tumor tissue was circled within manually determined ROIs (green lines). Scale bars, 2mm. ¢)

Representative 3D-reconstructed tumor ultrasound images at 3 and 24h post-transfer of adoptive NK-92 cells.
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Red arrows indicate areas with increased contrast signal compared to baseline. Scale bars, 2mm. d) Average
contrast intensities in b. The contrast intensities were averaged within manually defined ROIs in intra-
tumoral tissues. All slices through the 3D scans were quantified and averaged throughout the volume,
normalized to the baseline NLC intensity obtained before the infusion (Data collected from three animals
for each group, two imaging experiments were conducted on each animal. Data presented as mean + SD). e)
Average intra-tumoral contrast intensities at 3h and 24h post-transfer. Statistical differences are labeled with

the p-values.

After confirming the feasibility of tracking acoustically labeled NK-92 cells in livers, we
then proceeded to perform cell tracking in adoptive NK-92 therapy for subcutaneous tumor
treatment. In mice with established tumors, two doses of intravenous infusion were applied at
dayO and dayl14 during the experiment, with corresponding ultrasound imaging collected at
various time points of interest (Figure 2.8). Vehicle (PBS), free GVs (GV only), control NK-
92 cells (NK only), and acoustically labeled NK-92 cells with GVs (GVNK) were included in
the experiment. An additional group of mice receiving both GV-labeled cells and an
intraperitoneal bolus of IL-2 (GVNK+IL2) was introduced, with the IL-2 used for actively
enhancing the NK-92 cell trafficking to tumors. Ultrasound scanning under NLC mode was
conducted, with 3D scans collected before and at 3, 24, 48 and 72 hours after the transfer.

We first evaluated the distribution of adoptive NK-92 cells by IVIS imaging, which shall
lay grounds for ultrasound tracking of these adoptive cells. Major organs and tumors were
collected from groups with NK-92 cell transfer at 24h post-transfer, and IVIS imaging was
performed to assess EGFP fluorescence in the samples for localizing adoptive NK-92 cells
(Figure 2.9a). As expected, the tumor collected from all groups showed positive EGFP
fluorescence signal, with distribution through major organs similar to previous studies [32, 35].
The NK-92 cells have been reported to target and accumulate in tumors at 24h post-transfer,
consistent with our observations on the ex vivo samples. By validating the homing of adoptive
NK-92 cells in tumors, we then proceeded to verify the feasibility of tracking their

accumulation in tumors by ultrasound imaging. NLC images of tumors were collected before
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and at several time points after the infusion, where tumor tissues in all groups showed only low
levels of contrast signal before the infusion (Figure 2.9b). In tumor tissues, some low level of
NLC signal shall be reasonable due to presence of heterogeneity and high vascularization level,
while the background could still be greatly suppressed under nonlinear ultrasound imaging as
compared to traditional B-mode. This shall facilitate the specific detection and distinguishment
of labeled cells from their homing environment, as the contrast agents are expected to show
high level of nonlinear contrast under such imaging mode.

As expected, no noticeable change could be seen in the contrast of NK only group at all
time points after the adoptive transfer, similarly to those observed in PBS group and Free GV
groups (Figure 2.9b, top 3 rows). Since no contrast agents were included in NK only group
and PBS group, the reason behind the absence of NLC signal change was straight-forward. The
free GVs have been known to experience rapid degradation by liver macrophages, if no surface
modification of protection had been introduced, after intravenous infusion [111, 113]. With
their small sizes, one may also expect certain level of GV leakage into tumor parenchyma
shortly after the infusion. Indeed, our team have previously examined the dynamics of GV
accumulation in tumors. Without surface protection by PEG, or active targeting modifications,
free GVs were quickly cleared out in the tumor even with certain level of early-phase
accumulation, which shall be negligible considering the low dosage applied in current study.
By contrast, clear bright spots could be seen in both groups with acoustical labeling by GVs
(GVNK & GNVK+IL2) (Figure 2.9b, bottom 2 rows). Starting from 3h post-infusion, clear
contrast enhancement was identified in acoustically labeled groups, which continued to
increase to 24h. A slight signal decrease in the contrast was seen at 48h, which returned to the
baseline around 72h. Combining with the biodistribution observed in ex vivo IVIS imaging, the
acoustic labeling by GVs indeed contributed to nonlinear contrast signal generation on tumor-
homing NK-92 cells, enabling the tracking of these adoptive cells by ultrasound imaging.

Previously, the tumor recruitment of adoptive NK-92 cells was also reported in optical
imaging studies, while such early-phase detection was achieved via ultrasound modality in our

study. With 3D ultrasound scans, the reconstructed contrast mappings were obtained, by which
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the sub-organ distribution of the contrast enhanced spots could be assessed (Figure 2.9¢). The
enhancement could be seen with clustered distribution, with a localized pattern in separated
regions in the tumor, instead of any homogenous spreading pattern. Such clustering pattern was
consistent with the widely reported spatial heterogeneity in tumor cell recruitment of adoptive
immune cells [46]. With the increasing number of tumor-homing NK-92 cells, the number and
sizes of regions with enhanced contrast both increased at 24h. A 2.3dB intra-tumoral contrast
enhancement was quantified at 3h post-transfer in GVNK group, with a sustained increase to
4.6dB at 24h (Figure 2.9d), indicating a process of gradual tumor recruitment of adoptive NK-
92 cells within this period. The surface attached GVs on these tumor-infiltrating cells, in turns,
contributed to the increase in ultrasound contrast.

The IL-2 has been widely used in adoptive cell therapies for enhancing the anti-tumor
activities and supporting the persistence of transferred cells, including NK-92 cells [51].
Therefore, we introduced a single intraperitoneal IL-2 bolus in GVNK+IL2 group at 1h post
NK-92 transfer, which shall actively boost the infiltration of NK-92 cells in the tumors. By
such, we shall be able to evaluate the capability of proposed tracking strategy in capturing
dynamic changes when adoptive immune cells are recruited to tumor sites at different efficiency.
As we expected, with the enhanced trafficking, stronger ultrasound contrast was seen in both
single-slice and 3D-reconstructed images of GVNK-+IL2 group (Figure 2.9b&c), with contrast
enhanced regions becoming considerably brighter. The IL-2 bolus led to a wider-spreading
pattern of contrast-enhanced regions in the tumor tissue, with 7dB enhancement in the average
contrast at 3h and 8dB at 24h (Figure 2.9d). Considering the whole-tumor NLC intensities at
3h post-infusion, a significantly higher enhancement was seen in GVNK+IL2 compared to that
seen in GVNK group (Figure 2.9¢). With GVs as the signal source of nonlinear echo, such
increase suggested a significant increase in the tumor-infiltrating NK cells upon IL-2 boost,
carrying GVs as acoustic labels. With the well characterized half-life of IL-2 in the serum after
intraperitoneal bolus injection, the booster effect of IL-2 dose adopted in current study shall
last only within the few hours following the NK transfer [142]. Therefore, a slower increase

rate was seen between 3 and 24h in GVNK+IL2 group, and an 8dB peak was observed at 24h.
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Nonetheless, with increased number of tumor-infiltrating NK-92 cells, the peak in IL-2 boosted
group was still significantly higher as compared to GVNK group, suggesting a robustly
enhanced trafficking detected by the proposed ultrasound tracking strategy. After the early-
phase increases, the NLC intensities started to decline at 48h and returned to baseline around

72h, with similar decay rates in both groups with labeled cell transfer.
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Figure 2.10. Tumor growth profile in the adoptive NK-92 therapy for subcutaneous tumors. a) Relative
tumor growth, with respect to initial volume, monitored every other day throughout the experiment period.
b) Relative tumor volume at the end of the experiment. Data collected from 3 animals in each group,

presented as mean + SD. Statistically significant differences were labeled with p-values.

In all groups receiving treatment, the tumor volume was recorded for 4 weeks to for the
evaluation of therapeutic effect of adoptive NK-92 therapy (Figure 2.10a). As expected, either
the free GVs or the vehicle showed no noticeable treatment effect as compared to the groups
with NK-92 cell transfer. While in those mice receiving NK cells, either labeled or unlabeled,
certain level of the tumor growth inhibition was observed after the treatment with significantly
smaller tumor volume (Figure 2.10b).

Indeed, the biotin-streptavidin interaction rarely imposes impact on the molecules being
labeled, with which the bridging between NK-92 cells and GV should be minimally impactful

on the cell functionality. As demonstrated in our in vitro data, the nanosized GVs showed no
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influence on the migration ability of labeled NK cells either, allowing the infiltration of labeled
NK cells in the tumor and further execution of their effector functions. However, no significant
difference was found in the tumor volume from all three groups receiving NK-92 cell transfer.
Indeed, the long-term survival of the NK-92 cell in vivo depends on continuous
supplementation of IL-2 following adoptive transfer, while in our experiments, we only applied
single-bolus IL-2 in one group to promote trafficking shortly after the transfer. Such single dose
should indeed be insufficient for the long-term supplementation on NK-92 cells, while we
employed such design to avoid confounding changes in NK cell recruitment to tumors, such
that we were able to compare the ultrasound contrast with direct link to boosted or non-boosted
trafficking dynamics. In this regard, it is not surprising to expect tumor inhibition effects to a
similar extent in all NK-infused groups. While the current tumor growth results were still able
to provide information on the effector functionalities in vivo, where the NK-92 cells with GV
labeling led to suppressed tumor growth in a similar manner compared to their non-labeled

counterparts.
2.3.5 Tumor slice fluorescence microscopy

To further validate the infiltration of adoptive NK-92 cells in the tumor, as well as the
tethering between GVs and the cells to be tracked, tumors were harvested from all groups at
24h post-infusion, the time point at which we observed strongest ultrasound contrast
enhancement. The tumor slices were collected via cryosection, stained with DAPI and
examined via fluorescence microscopy. In groups receiving adoptive NK-92 transfer, positive
EGFP fluorescence was observed on the slices (Figure 2.11a), while the Dylight594
fluorescence indicating presence of GVs were only seen in those groups with labeled cell
transfer. Moreover, colocalization between EGFP and the Dylight594 signal was seen in both
groups with GVs for the acoustic labeling (GVNK & GVNK+IL2), which could be further
confirmed in the zoom-in images (Figure 2.11c). Considering the ultrasound contrast
enhancement observed in these two groups, as well as the colocalization profile of GV and NK-

92 fluorescence signal, these results suggested that the adoptive NK-92 cells are successfully
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detected with ultrasound imaging, where the cells were acoustically labeled by GVs attaching

to their surfaces throughout the process of tumor trafficking and infiltration.
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Figure 2.11. Confocal microscopy images of tumor slices. a) Representative fluorescence images of
tumor slices at 24h post-transfer. b) Quantification of EGFP™ cells per field in the tumor slices in groups
receiving NK-92 cell transfer. Data collected from 3 animal for each group, presented as mean + SD.. All

statistically significant differences labeled with the p-values ¢) Zoom-in fluorescence microscopy image of

tumor slice mice receiving GV-labeled NK-92 cells.
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Indeed, no GV fluorescence could be seen in Free GV group, which is consistent with
observations in our previous study [113]. In our previous study with surface-modified GVs and
molecular imaging of tumors, we examined the signal decay and clearance of plain GVs. With
the reported rapid clearance of free GV's from blood stream [ 143], extravasation of non-targeted
GVs showed minimal level of extravasation into tumors. Those with tumor-targeted
modifications, without PEG protection, also have been shown to be cleared out within 12h,
with no observable GV in the tumor slices collected at this point [113]. Indeed, in current study,
we introduced SA coating with the purpose of attaching to biotinylated cells, by which we
expect minimally affinity to tumors. Hence, in Free GV group, it should be reasonable to expect
absence of GV fluorescence in slices collected at 24h. This shall ease complications in
distinguishing false positive due to signal arising from free GVs and tumor-infiltrating effector
cells carrying acoustic labels.

In the quantification of EGFP™ cells, no significant difference was seen between the tumor-
infiltrating control NK-92 cells and the acoustically labeled NK-92 cells (Figure 2.11b). This
suggested that the labeled and non-labeled cells showed similar trafficking and infiltration
capabilities, in consistence with migration assay results. The nanosized GVs are expected to
impose minimal burden on those labeled cells, with sizes below the tumor vasculature passing
limits.

With the IL-2 boosting, the number of NK-92 cells presented in the tumor was significantly
higher in GVNK+IL2 group than other two groups without synergic IL-2 administration. As
the cells were derived from the same labeling mixture at all rounds of experiments, the increase
in the contrast intensities shall be attributed to the increase in number of GVs in the tumor,
carried by a larger number of labeled cells infiltrating the tumor. Taken together, the results
suggested a successful assessment of recruitment efficiency of adoptive NK-92 cells in the
tumors, via the proposed tracking strategy, under either cell transfer monotherapy or synergic

strategies with supplementation combined.
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2.4 Discussions

Owing to the advent development in advanced biomaterials, imaging technologies and
synthetic biology, noninvasive cell tracking techniques have enabled monitoring of cellular
fates in living organisms, contributing to study of basic cellular biology, as well as
understanding and development of cellular therapies. There have been tremendous efforts in
recent decades on exploring cell tracking strategies for the cellular immunotherapies, by which
the living therapeutics could be closely monitored following adoptive transfer, contributing to
both post-treatment evaluation in real-world applications, as well as understanding and
optimizing the cellular therapeutic approaches. Here, we described, for the first time, a tracking
strategy for adoptive immune cells with ultrasound imaging, in the context of systematic
infusion for cancer immunotherapy.

In this study, we chose NK-92 cells as the example to demonstrate the proposed strategies,
as the NK cell has emerged as an up-rising candidate in cellular immunotherapies. These innate
effectors feature several advantages, e.g., the ease in accessing and preparing off-the-shelf
product, better safety concerns regarding graft-versus-host disease, and efficient anti-tumor
cytotoxicity at scenarios with antigen loss, etc. [135-139]. Hence, we chose one of the
popularly applied strands of NK cells, the NK-92 cell line as the model platform to demonstrate
our implementation with ultrasound, by which we also expected to show the compatibility of
the ubiquitous and cost-effective ultrasound modality with this candidate therapeutic with
broad application prospectives.

We demonstrated that, by employing nanosized ultrasound contrast agents, GVs, the NK-
92 cells could be acoustically labeled by surface attachment, with no noticeable impact on
cellular viability or functionalities. The labeled NK-92 cells were shown to be echogenic under
nCEUS imaging, with specific and sensitive distinguishment from the non-labeled counterparts,
allowing detection of labeled cells in vitro and in vivo by ultrasound imaging. We then showed
that, in subcutaneous tumor model, the adoptive NK-92 cells could be tracked via ultrasound

imaging for post-transfer evaluation. By multiple nCEUS imaging scans after the adoptive
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transfer, we showed that the early-phase recruitment of NK-92 cells to tumors could be
captured by ultrasound imaging, with significant contrast enhancement observed as early as 3h
post-transfer. The homing of adoptive NK-92 cells in tumors was also validated via optical
approaches, with consistency to previously reported NK-92 trafficking dynamics. With the
synergic treatment of IL-2 bolus following transfer, the intra-tumoral recruitment of NK-92
cells was significantly boosted, which was captured by the contrast changes in ultrasound
images, demonstrating the capability of dynamic post-infusion monitoring by the proposed
ultrasound tracking strategy.

In current study, the signal decay in GV-labeled NK-92 cells was observed between 24 and
48h both in vitro and in vivo. We speculated possible cell-GV interactions that might have led
to GV structural breakdown, which in turns resulted in the loss of contrast signal overtime.
Indeed, in our previous study, the tumor-targeted GVs showed a similar decay dynamic in the
TME [113], indicating a presence of GV interactions with components in the TME that could
also lead to GV structural breakdown. The exact mechanisms underlying the loss of GV
integrity in the TME is yet to be investigated, which shall contribute to development of proper
surface modification schemes that enable longer-term labeling and tracking.

In this study, we employed an experiment design centering the assessment of whether
ultrasound imaging was feasible in tracking adoptive immune cells, and whether the
introduction of nanosized ultrasound contrast agents could be the solution to limitations of
traditional MB contrast agents. Although a signal loss was seen after 48h, we were able to focus
on the early-phase recruitment of adoptive immune cells to tumors, applying the proposed
strategies for acoustic labeling and ultrasound tracking. As expected, the intra-tumoral
ultrasound contrast reflected the trace of tumor-infiltrating NK cells, with an early increase
identified 3h post-transfer and a sustained recruitment revealed up to 24h. With the synergic
administration of IL-2, the significant elevation of ultrasound contrast was seen in the
observation time window, suggesting a boosting of NK-92 cell recruitment to tumors by IL-2
captured via the ultrasound tracking. Such trafficking and recruitment dynamics at early post-

transfer window captured by the proposed strategy shall provide valuable information for the
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evaluation and optimization of adoptive cell therapies, with indications on adjuvant strategy
design for maximizing the therapeutic outcomes.

In current study, we applied the single bolus of IL-2 in GVNK+IL group, while the other
groups with NK-92 transfer were not supported with the IL-2 supplementation. Although the
NK-92 cells rely on exogenous IL-2 supplementation [144], which shall maintain their anti-
tumor activities and survival after adoptive transfer, we employed the current paradigm to set
baseline trafficking status in GVNK and NK only groups. By such design, we were able to
compare the ultrasound contrast dynamics under different trafficking conditions, facilitating
the demonstration of the tracking strategy on dynamic evaluations. Therefore, we did not use
any further IL-2 either within the imaging period or afterwards, avoiding the introduction of
potential confounders. Therefore, the withdrawal of IL-2 should compromise the viability of
adoptive NK-92 cells afterwards. As a result, the GVs, as well as the cell debris, might
experience clearance by resident cells in the TME, as another possible reason behind signal
loss in vivo. At the meantime, it should be reasonable to expect only moderate tumor growth
inhibition in all groups, with the intraperitoneal IL-2 bolus insufficient to alter long-term
therapeutic outcomes either. Nonetheless, with the characterized functionalities and viability
in our in vitro experiments, one shall expect full competency of the NK-92 cells in delivering
promising therapeutic effects when supported, while the GVs could be applied for acoustic
labeling and ultrasound tracking. The in-depth evaluation and improvement of therapeutic
effects will be pursued in future studies, as well as relating the trafficking dynamics captured
by ultrasound to therapeutic outcomes.

Indeed, ultrasound imaging has been explored for imaging cellular targets in some
previous studies, yet the effective tracking strategy for systematically infused immune cells in
ACT has not been available. In an early study, ultrasound tracking of neural progenitor cells
has been demonstrated with cationic MBs employed for acoustical labeling, which indeed
granted labeled cells with high echogenicity under nCEUS imaging. The labeled cells were
detected after intravenous infusion and accumulation in mouse livers by nCEUS imaging,

establishing the feasibility of detecting cellular targets by ultrasound imaging [145]. However,
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the MB-based labeling was incompatible with cell tracking in ACT, as the large sizes of these
contrast agents would compromise the tumor-infiltrating ability of the effector immune cells.
In a more recent study, the sonazoid MBs were employed for the acoustic labeling of NK cells,
which were then observed via ultrasound imaging during and after the intra-tumoral injection.
Although this has provided a demonstration on detecting acoustically labeled immune cells in
the tumor tissues, the underlying incompatibility between MBs and the tumor-infiltrating
immune cells was left unaddressed [146]. At the meantime, we also observed a quick decay of
the acoustic signal in MB-labeled cells within a few hours under the incubation conditions at
37°C, imposing additional difficulty when tracking the adoptive immune cells with dynamics
at time scale of days. The mesoporous silica nanoparticles were employed recently for drug
encapsulating, along with the phase-changeable perfluorocarbon. These ultrasound-responsive
nanoparticles were loaded into macrophages, which were exploited as tumor-seeking drug
carriers, allowing temporary detection of these carrier macrophages because of the partial
vaporization of the perfluorocarbon. The high intensity ultrasound bursts were used to trigger
violate vaporization, allowing position detection and destruction of the carrier cells for payload
release [147]. Such destruction-dependent detection was not suitable for ACT, as full cell
viability and functionalities were essential to the therapeutic effects. While the declining rate
at partial vaporization state of theses nanoparticles was also similar to traditional microbubbles,
undesirable for tracking in ACT either.

We have demonstrated the feasibility of implementing post-treatment evaluations for
adoptive immune cells recruitment in tumors by ultrasound imaging. The broad application of
the ultrasound modality with the real-time image guidance further suggests opportunities to
implement image-guided interventions on these living therapeutics. In recent years, the
ultrasound has been shown as the versatile cell stimulation tool, allowing modulation on
cellular activities including immune cells through noninvasive delivery of mechanical energy
[79, 105]. With the ultrasound-based tracking strategy demonstrated in this study, we foresee
great prospectives of the ultrasound modality in the image-guided control of the engineered

immune cells. The real-world applications and safety management of cell-based therapies shall
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benefit from this versatile and already-on-board tool. The in-depth investigation on the relation
between labeling capacity and the contrast intensities, an optimization on the labeling protocol
and the exploration alternative nanobubble formulations, as well as the demonstration of
ultrasound tracking in orthotopic tumor models shall all accelerate the translation and
implementation of the proposed tracking strategies.

For the acoustic labeling of the immune cells, the biogenic nanosized ultrasound contrast
agents, GVs, were employed in current study. With an ex vivo direct labeling scheme, we
attached GVs on cell surfaces via biotin-streptavidin conjugation, which should be applicable
for the labeling of a wide range of non-phagocytic immune cells. Indeed, the proposed labeling
and tracking strategy shall be compatible with a variety of immune cell types like cytotoxic T
cells and CAR-T cells, showing broad prospectives in the cellular immunotherapy. As we
hypothesized, the acoustic labeling by nanosized contrast agents showed no impact on the
migration and infiltration of the labeled immune cells, with the compatibility to tumor
infiltration further demonstrated in the in vivo experiments. Such direct labeling method is cost
effective and easy to implement, it is, however, also suffering from the limited labeling
timespan and scope of imaging. The cell-GV interactions, as well as cell-cell interactions could
both lead to signal decay, limiting the span of the tracking time window. Another potential
concern associated with the direct labeling method would be the steric hindrance. This means
the interactions between labeled cells and their targets might be obstructed if the nanobubbles
were presented in bulk on the cell surface. The position of the adoptive immune cells could be
reflected by the echo signal generated from the cell-bound contrast agents, while the activation
status or the cellular viability would be difficult to assess with such surface-attached contrast
agents. Therefore, an intracellular labeling scheme shall be a plausible alternative to pursue,
preferentially by genetically encodable mechanisms that could further be related to cell fate.
As biogenic protein structures, the GVs are naturally associated with potentials in the
development of genetical approaches for acoustic labeling. Indeed, in recent years, the gene
clusters encoding GVs have been mined for expression in eukaryotic cells, allowing the

labeling of cellular targets via acoustic reporters [115, 121]. However, the stable expression of
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GV gene clusters remains a substantial challenge. Moreover, with the complex intracellular
environment and functionalities of immune cells, the introduction of acoustic reporter gene into
immune cell tracking requires optimizations of GV gene clusters for stable assembly of
functional GVs. Efforts have also been made recently on improving acoustic reporter genes, as
well as sensitive detection methods for improved image qualities [114, 115, 120]. With the
feasibility of ultrasound immune cell tracking with GVs for acoustic labeling established, we
see tremendous potentials on the immune cell tracking based on acoustic reporter genes, where
a broader spectrum of biological processes associated with the immune cells could be accessed
with ultrasound, along with the survival monitoring to a longer term, providing more
information with prognostic relevance [29]. The compatibility of ultrasound imaging with real-
time image guided procedures would further allow image-guided biopsies, which shall allow
more in-depth examinations of adoptive immune cells in the TME with improved sampling
precision.

In noninvasive cell tracking, the leakage of the markers could be a major concern
especially when direct labeling method was applied, as the efflux of the marker could lead to
false negative and misinterpretation of the imaging results. Nonetheless, it should be less of a
concern when GVs were employed for the acoustic labeling. As protein structures, the free
GVs, if were to be released from labeled cells, are known to experience quick clearance in the
blood stream by liver resident macrophages [111]. Moreover, the biotin-streptavidin
conjugation was employed for the labeling purposes, known as one of the most stable non-
covalent bonds in nature. Once formed, the binding remains stable even at extremes. The
biotinylation also features great compatibility with the molecules to be decorated, whose
functionalities are rarely influenced by biotin decorations. These make the biotin-streptavidin
interaction popular in the functionalization of molecules and particles at various size ranges
[72]. In cell tracking, the interaction has been explored for the labeling of cytotoxic T
lymphocytes, with demonstrated compatibility to optical, magnetic and radioactive markers.
The labeling was shown to be stable, with no observed impact on the cell functionalities [ 148].

Therefore, we also expect stable binding between GVs and NK-92 cells when infused into the
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living organisms. Indeed, no free GV was observed in the tumor samples harvested after the
transfer of labeled NK cells. Even if the shell components could detach from the labeled cells,
which might be a result of GV collapse, the shell components will not lead to contrast
enhancement in other organs, as the intact structure of GVs is central to their echogenicity.
Indeed, such collapse could limit the highest signal-to-noise ratio reachable in cell tracking, as
well as shortening the observation time window. Therefore, we encourage the exploration of
alternative nanosized contrast agent formulations, as well as the modification and
functionalization that improve the stability of the acoustic tracers, such that the unwanted

premature collapse could be avoided in vivo.

2.5 Conclusions

In conclusion, this study demonstrated a noninvasive immune cell tracking strategy based
on ultrasound imaging. The biogenic nanobubble has been employed for the acoustic labeling
of NK-92 cells, and the tumor recruitment of adoptive NK-92 cells was captured and monitored
with the nonlinear contrast-enhanced ultrasound imaging. We were able to characterize the
tumor recruitment of adoptive NK-92 cells when the IL-2 bolus was applied for the enhanced
NK cell trafficking, suggesting strategies for the treatment evaluations and strategy designs in
adoptive NK cell therapies. The ubiquitous ultrasound imaging tool has been shown compatible
with the tracking of adoptive immune cells, indicating potentials of implementing cost-
effective and widely accessible post-treatment evaluations, allowing acquisition of information
for treatment-related decision making. With the temporal resolution of ultrasound imaging, the
proposed strategy will also enable the real-time image-guided interventions following the cell
transfer. Furtherly, the echogenicity of GVs following the tumor infiltration of GV-carrying
immune cells suggested a functional competency of these structures, indicating their potentials
as local amplifiers of the mechanical effects from ultrasound. Such potentials shall be explored
and exploited in the next chapter for initiating genetic circuitry, which is designed to be

responsive to external mechanical stimulus in engineered immune cells.
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Chapter 3 Nanobubbles as local actuators for mechanical
stimulation and gene expression control on immune cells by

ultrasound

In the last chapter, the ultrasound tracking of GV-labeled NK-92 cells has been
demonstrated. These cell-tethered GVs have been shown to exhibit nonlinear echogenicity and
enable ultrasound imaging of these tagged cells within 3 days following the transfer. This
suggests the structural integrity and functional competency of GVs during the tumor infiltration
of the tethered immune cells, which is unaffected by these nanosized tags, and that they are
durable within a certain time window. Therefore, the GVs should naturally be considered as
potential sonosensitizers on these immune cells after tumor infiltration, amplifying the
mechanical stimulus from ultrasound waves for modulatory and switching purposes.

In this chapter, the rationale and design of the GV-actuated ultrasound switching system
on engineered immune cells will be demonstrated, with the NK cell as example platform. The
endogenous mechanosensitivity of NK-92 cells will be examined, laying grounds for
modulating their cellular behaviors through mechanical stimulus. Then the calcium responses
to mechanical stimulation by ultrasound on GV-tethered NK-92 cells will be examined, serving
as fundamentals for initiating nFAT signaling and hence the expression of nFAT-promoted
genetic circuitry. The translocation of nFAT shall be demonstrated as well, as a key step
connecting calcium responses and genetic expression. Afterwards, the expression of
downstream reporter genes to nFAT promoters will be examined, validating the efficacy of the
GV-actuated mechanical switching system and its potentials in controlling the engineered

immune cells.
3.1 Backgrounds

Modulation and control in cellular immunotherapies

The recent years have witnessed encouraging success of cellular immunotherapeutic
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approaches in cancer treatment, with thriving research interests in the development,
optimization and translation of CAR-engineered cells [22-24, 27, 138, 139]. With generations
of CAR modifications, now the CAR-expressing immune cells come with high potency and
improved specificity. However, the challenge remain, as the immune-related side-effect raises
concerns on the safety and management of these therapeutic cells, as well as the unsatisfying
efficacy in solid tumor treatment [125, 127]. On one hand, in pursuit of higher efficacy, there
is a demand to further enhance the effector functions of these therapeutic cells. On the other
hand, the overactivation and off-tumor targeting of these engineered cells are associated with
the immune-related toxicity, e.g., the cytokine release syndrome, sometimes severe enough to
be life-threatening. This seemingly leads to a dilemma where the trade-off between potency
and safety concerns is needed. Alternatively, the on-demand modulation and control of the
therapeutic immune cells provides solutions to exploiting powerful anti-tumor potencies, while
preserving the manageability and safety of the treatment. The concept of manipulating cellular
behaviors has long been brought up and pursued throughout the development of modern
cellular biology. It offers means of probing fundamental biological processes related to life and
pathology, as well as ways of directing the living organisms to execute certain functions for
therapeutic purposes.

Immunomodulatory molecules

Traditionally, the cellular activity and behavior are widely manipulated through
biochemical agents, e.g., drugs and cytokines, owing to their well-characterized effects in ex
vivo basic cellular biology studies. It naturally leads to explorations on applying these agents
for the supplementation and potentiation of immune cells in vivo, either resident or adoptive,
for therapeutic benefits [50-52]. The idea of boosting and supporting the adoptive immune cells
by synergic adjuvant administration has been explored as early as in the 80s. For example, the
immune adjuvant, interleukin 2 (IL-2), was administered following the adoptive transfer of
activated T cells to induce T cell growth in vivo, with the efficacy evaluated against the injection
route and timing in mouse models [142]. Similarly, the IL-2 effect has been studied in clinical

trials on patients with malignant brain tumors, injected intratumorally with lymphokine-
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activated killer cells [149]. Despite the well-appreciated supporting effects on persistence and
cytotoxicity of therapeutic cells, pitfalls have been reported, including systematic toxicity, non-
specifically activating immunosuppressive cells like Treg, and limited responses, etc. [50].
Similar issues have been haunting other immunotherapeutic strategies relying on drugs,
cytokines and even ICls that directly exert modulatory effects on cellular targets. The system-
wide distribution of the regulatory molecules naturally introduces hazards of stimulating
resident effector cells in healthy tissues, breaking the balance of endogenous immune tolerance,
leading to systematic toxicity often resembling severe infection. Even with local administration
in tumor tissues, the rapid leakage into bloodstream has also been reported, still raising
concerns on systematic toxicity [53, 54]. Such concerns limit the doses applicable in patients,
trading-off between the systematic immune-related side-effects and the level of boosting effects
on effector cells of interests, compromising efficacy for safety issues [150]. The non-specific
stimulation of other undesired cell types also imposes a dilemma, as suppressors often have
endogenous activation mechanisms similar to effectors as a natural mechanism to maintain
balances [151].

Nanocarriers for improved localization

With the hope of overcoming the limitations and improving safety of immunomodulatory
agents, efforts have been made to improve the spatial precision by introducing control strategies
for the on-demand release of these molecules. By incorporating nanomaterials, the explored
solutions include capsuling and on-site uncaging strategies, agonist engineering for improved
specificity, and targeted modification strategies, etc. The proper capsuling of the active
components prevents them from exerting effects on other tissues passed by during circulation.
At the meantime, either through external interventions via physical energy transmission, or
with caging designs reactive to certain features in tumor microenvironment (e.g., acidity,
hypoxia) [152], the on-site drug release mechanism enables exertion of bioeffects localized to
malignant tissues. By such controlled release, the systematic toxicity of the active component
could be alleviated, with increased and extended drug exposure locally on immune cells in the

tumor.
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These modulatory methods relying on administration of modulatory agents are inevitably
entangled with the pharmacokinetics and systematic effects of these agents. The dissemination
and whole-system redistribution of these agents limit the spatiotemporal precision of such
modulatory schemes, while the specificity also imposes challenges on biochemical engineering
on these modulatory molecules. Improvements could be made, to some level, with the
incorporation of nanomaterials that allow controlled release of these therapeutic agents.
However, once triggered, the dissemination of these immunomodulatory agents in the treated
tissues still impose uncertainty on the exposure both in space and time. The leakage of the
released components into circulation could also impose hazards of systematic side-effects,

challenging the use of agents with high potency.

Switching of genetic expression by noninvasive energy transmission

Thankfully, with the advances in synthetic biology and nanomaterials, the controllable
activation of these engineered immune cells by external triggers has been made possible.
External stimulus from physical energy transmission enables the on-demand activation of
engineered immune cells, often in a manner of CAR expression initiation, unleashing the
powerful cytotoxicity of these potent effectors at sites of therapeutic interests. The control
strategy for therapeutic cells offers a better solution, where the high potency could be exploited
in a controllable manner with confinement to tumor sites, instead of being traded off for safety
concerns or relying on systematically administered modulatory molecules.

To achieve switching of cellular activities by external stimuli, the key is to introduce
transduction mechanisms, of certain sorts, that specifically converts external stimuli into
biological signaling in cell population of interests, preferentially with spatiotemporal precision.
To date, various cell-manipulating tools relying on different forms of physical energy
transmission, some in combination with advanced nanomaterials, have been introduced to the
field of cellular therapies for the control of “living therapeutics”. Among all physical energy

forms, the light must be one of the most popular tools owing to the maturity and broad success
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of optogenetic technology, granting researchers with unprecedented capabilities to modulate
cellular activities. In the design of light-controllable therapeutic cells, the light-responsive
proteins are incorporated into cells as “switches” that convert light stimulus into biological
processes that direct cellular fates, in forms of either genetic circuitry initiation or assembly of
functional components at protein level [55-57]. Such light-activatable tools are exploited for
manipulating engineered immune cells, which localizes the expression of genes with potent
effector functions like CAR and/or cytokines with spatiotemporal precision [58-61], often
implemented with assistance of nanomaterials for improved light stimulus delivery in vivo. The
heat shock factor (HSF), with the heat-responsive circuitry, has also enabled the transduction
of various physical energy into biological signaling [64]. With the help of photothermal
nanomaterials, the NIR light with deeper tissue penetration could be transduced into heat that
activate heat-responsive genetic circuitry [65-68]. Similarly, the magnetic nanoparticles could
also serve as local antenna to convert energy from alternating magnetic field into heat for the
activation of heat-responsive genes in vivo [69-71]. Such switching system has been explored
for the control of engineered probiotics, implementing on-site release of immunotherapeutic
biologics in tumors [72, 73]. The mechanical energy, transmitted in forms of ultrasonic waves,
could also be exploited for initiation of heat-responsive components when transmitted in high
intensities and focused manners. This has been exploited for in vivo gene expression
manipulation [74-76], and has also been explored in recent years for activation of engineered
microbes and CAR-T cells for cancer therapies [77-79].

However, challenges remain for the switching systems explored for remote control in
cellular immunotherapies. The penetration depth has long been hamstringing the application of
optical switching systems in large animals, accompanied by issues of immunogenicity and
certain-level background activation. Similarly, the HSF has also been known to be non-
specifically activated by other cues like mechanical stress and hypoxia [80-82], which limits
the specificity of such switching machinery. At the meantime, the heat dissipation in biological
tissues imposes uncertainties upon the exact margins of the hyperthermia induction, and the

effective heating could also be limited due to the heat sink effect. These lead to the
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compromised predictability and spatiotemporal precision in hyperthermia switching system.
The mechanical force as a potential switching mechanism

Among several forms of physical energy explored, the mechanical effect from ultrasound
waves, without the transduction into heat, has been a potent candidate for precise manipulation
in deep tissues by principle. The mechanical effect from ultrasound waves comes with a deep-
penetrating profile with fine spatiotemporal confinement in biological tissues. By applying
high-intensity ultrasound in a highly focused manner, with fine-controlled duration down to
microseconds, the mechanical force could be applied noninvasively to destroy tissues with
sharp margins [153]. Featuring such controllability in spatial and temporal domains, the
mechanical ultrasound stands out as an attractive candidate for implementing switching system
with improved precision. Moreover, exploiting the direct mechanical force delivered by
ultrasound also offers a potential solution to multiplexed switching strategies, considering the
existing genetic switching strategy with ultrasound hyperthermia. By controlling the input
ultrasound stimuli at different parameters, the thermal and non-thermal effects could be
preferentially elicited according to demands. This would allow noninvasive switching of
multiple genetic circuits in desired orders and/or at distinct sites in deep tissues, with potentials
of implementing logic gates with multiple switching circuits. This will further contribute to
more sophisticated control strategy designs, exploiting highly potent cellular therapies with
stringent safety management.

Indeed, there is a growing body of evidence showing that the ultrasound is capable of
mechanically modulating cellular activities in recent years [86, 87]. With the superior precision
both in spatial and temporal domains, the ultrasound has been demonstrated effective in
elevating neuronal activities in a reversible manner, showing thrilling potentials in therapeutic
neuromodulation [88-93]. The transduction of the mechanical effects from ultrasound wave is
widely believed to rely on the mechano-sensing components in the cells, as mechanosensitive
ion channels have been widely reported to underly the neuronal activities elicited by ultrasound

stimulation [154-157]. As endogenous mechanical cue sensing components, mechanosensitive
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ion channels open upon mechanical agitation, which causes changes in intracellular ion
homeostasis, transducing the mechanical stimuli into biological signaling like
electrophysiological activities, transcription induction, etc. Sensitizers have also been
introduced to enable finer control of the modulatory effects on designated regions or even cell
types [86, 89, 94, 119, 158, 159]. By either exogenous expression of mechanosensitive ion
channels on specific cellular targets, or by applying local actuators that amplify mechanical
effects from ultrasound waves, the cellular response threshold to mechanical ultrasound could
be lowered, enabling modulation of cellular activities with regional or even cell-type specificity

by low-intensity ultrasound.
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Figure 3.1. Schematic illustration of the GV-based sensitization scheme. The gas-filled GVs oscillate
and/or move under the ultrasound mechanical agitation, which generates mechanical force localized to the
cell surface to which they attach. The force then disturbs the cell membrane, opening the endogenous
mechanosensitive ion channels on the immune cells, resulting in the calcium ion influx. The calcium then

induces the genetic circuitry designed downstream to the nFAT responding elements.

Similarly, to implement precise and specific mechanical modulation of therapeutic
immune cells by ultrasound stimulus, the key is to bring localized sensitization to these cellular
targets of interests. The traditional ultrasound contrast agents, microbubbles (MBs), with their

flexible shell encapsulating gas core, could experience stable cavitation under acoustic field,
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generating cell membrane-perturbating mechanical force. Such mechanism has been exploited
for mechanical perturbation for intracellular delivery purposes, as well as amplifying
mechanical ultrasound stimuli for implementing controlled CAR expression in vitro through
nFAT signaling [103-105]. However, the short lifetime and large sizes of MBs still hinder the
application of such switching strategy for in vivo implementation. The therapeutic immune
cells are expected to infiltrate and migrate into tumors, involving dynamical trafficking and
extravasation at timescale of hours and even days, while the MB has been widely documented
with in vivo lifespan at timescale of minutes. The micron-scale size of MBs may also impose
extra burden on therapeutic cells during tumor infiltration, given their usually confined
presence in the intravascular space [95-98].

In this regard, we propose to introduce GVs as the localized actuators, tethered to immune
cells, to amplify the ultrasound wave for sensitization purposes. The GV has been recently
shown as gas-filled nanostructures with superior thermodynamical stability, and has been
demonstrated with buckling under acoustic agitation [106, 108]. These properties have granted
GVs popularity in various applications involving the ultrasound modality, including molecular
ultrasound imaging, tumor therapies and deep-brain neuromodulation [94, 113, 116-119].
Given the demonstrated ultrasound-responding capabilities of GVs, as well as their nanoscale
sizes and superior stability, we hypothesize that GVs shall serve as plausible local actuators to
amplify and exert modulatory mechanical force on engineered immune cells for switching
purposes (Figure 3.1) . The sensitization by GVs shall initiate the transduction mechanism that
converts mechanical ultrasound stimuli to changes in intracellular calcium ion homeostasis, as
the opening of the endogenous mechanosensitive ion channels would lead to calcium influx in
respond to GV-amplified mechanical agitation. Downstream to the calcium influx, we shall
further employ the nFAT response components as the calcium responding element to initiate
the expression of gene of interest (GOI). The calcium-sensitive phosphatase, calcineurin, is
activated upon the influx of calcium ions upon channel opening, dephosphorylating the
transcription factor nFAT in the cytoplasm. The dephosphorylated nFAT then translocates into

the nucleus, engaging with the nFAT responding element and initiating the expression of GOI.
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The nFAT response element has been shown as a central calcium-responsive transcription
factor in various immune cells [160, 161]. Therefore, employing nFAT as the responding
element shall provide stable GOI expression, once calcium events could be robustly induced
by mechanical ultrasound with proposed sensitization schemes [162].

In this chapter, we employed NK cells as example platforms for demonstrating the
sensitization and switching scheme, given their uprising roles in cellular immunotherapies in
recent years. Specifically, we chose NK-92 cells, a cell line of human NK cells that has been
receiving growing success throughout decades of explorations in cellular immunotherapies
[138], as example effector cells for engineering and mechanical switching. We first evaluated
the functional expression of endogenous mechanosensitive ion channels on NK-92 cells,
serving as the fundamentals for transducing mechanical agitation into biological signaling.
Afterwards, we validated the capability of GV-sensitized mechanical ultrasound switching
system in eliciting cellular responses upon low-intensity ultrasound stimulation in vitro, at
several nodes along the nFAT signaling pathway we had chosen for GOI initiation, i.e., the
calcium responses, nFAT nuclear translocation, and the reporter gene expression in GV-tethered
NK-92 cells. We showed robust calcium responses upon low-intensity ultrasound stimulation
in those NK-92 cells sensitized by surface-bound GVs, following which the nucleus
translocation of nFAT was also observed. Negative control by mechanosensitive ion channel
blockers was also introduced, such that the mechanical switching system could be validated
against other potential confounding effects. The successful induction of reporter gene,
luciferase, expression further suggested the validity of the GV-sensitized mechanical
ultrasound switching system. In a model platform of nFAT-promoted INF-y NK-92 cells, we
showed that the proposed switching strategy has the capability of activating INF-y secretion in
transfected cells, featuring a potent therapeutic with enhanced anti-tumor cytotoxicity as well
as TME remodeling capability. The ultrasound-activated INF-y secretion was further
demonstrated to promote anti-tumor immunity in an in vitro model, featuring a potent
therapeutic strategy for cancer treatment with engineered NK cells controlled via mechanical

ultrasound switching system.
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3.2 Materials and Methods

Calcium imaging of NK-92 cells

Calcium signaling is central to the activation of nFAT transcription factors, whose ion
homeostasis changes upon opening of mechanosensitive ion channels that causes influx of
calcium ions. To verify the presence of functional mechanosensitive ion channels on NK-92
cells, as well as to evaluate the efficacy of proposed sensitization scheme in eliciting calcium
signaling upon ultrasound stimulus, we conducted the calcium imaging in vitro. In brief, the
NK cells to be tested were seeded onto the glass-bottom culture dish, pre-coated with PDL to
facilitate the attachment of the suspension cells. After seeding, the medium was replaced with
the imaging buffer solution (a buffer solution with 130 mM NaCl, 2mM MgCl,, 4.5 mM KClI,
10 mM Glucose, 20 mM HEPES, and 2 mM CaCl,, pH 7.4.). Then the cells were then incubated
with the calcium indicator, Rhod-2 AM (ThermoFisher, R1244), according to the
manufacturers’ instructions. After the 30-min incubation, the cells were washed with imaging
buffer to remove residual indicators at least three times. The cells were then balanced for
30mins according to the manufacturers’ instruction, after which the fluorescence was checked
before further experiments.

The imaging was conducted using a customized microscopy system compatible with
simultaneous ultrasound stimulation on the cells. The upright epifluorescence microscope was
equipped with a dual-color LED for the generation of the excitation light, which was filtered
according to the excitation spectrum of the calcium indicator. The fluorescence signal was
collected by an objective, with filters adjusted according to the emission spectrum, and
captured by a sSCMOS camera. The excitation LED was triggered at 0.5Hz to minimize the
phototoxicity, synchronized with sCMOS for time-lapse imaging. To deliver ultrasound
stimulation, the plane transducer operating at 0.5MHz was equipped with a customized cone-
shaped waveguide, of which the front was just merged in the imaging buffer. The transducer
was placed in alignment to the microscopy system, generating acoustic field homogenously

covering a circular area with a diameter of ~4mm. The parameters stimulation is generated with
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the following empirically determined parameters: 10ms pulse width, SHz pulse repetition rate,
and 1s duration for each stimulus.

During the stimulation experiment, the broad-spectrum mechanosensitive ion channel
blocker, gadolinium (Gd), was introduced as the negative control to verify the role of
mechanical transduction in the calcium responses against potential confounding effects. The
blocker will be prepared in form of 20mM GdCI3 solution in DI water, diluted in the imaging
buffer to result in a final ion concentration of 100uM for Gd**. At the end of the calcium
imaging experiment, the viability of the cell was further checked with the Propidium Iodide
(PI) staining, so that the biosafety of the stimulation system could be evaluated.

To prepare NK-92 cells with GV as surface-tethered actuators, the cells are biotinylated
with the EZ-Link Sulfo-NHS-Biotin reagent for 15mins at room temperature. Afterwards, the
reagent was removed, and the cells are further washed with imaging buffer 3 times. After
removing the imaging buffer, a drop of SuL SA-GVs at OD10 was added on the cells, with the
dish flipped upside down for improved contact between the cells and GVs. After Smins of the
binding reaction, the imaging buffer was added to wash free GVs away, and the GV binding
was checked with the fluorescence imaging, with cells ready for calcium imaging with

ultrasound stimulation.

Nuclear translocation of nFAT in stimulated NK-92 cells

To verify the transduction of calcium influx into transcriptional activities, the translocation
of the nFAT was examined with the immunofluorescence staining. The cells to be tested were
seeded at 5x10° cells/well in 96-well plate. The plane transducer operating a 0.5MHz was used
to deliver ultrasound stimulation from the bottom of the plate, equipped with a customized
cone-shaped waveguide with coupling gel in between the plate and the waveguide front. The
setting was used for generating acoustic field homogenously within a circular area with a
diameter of ~4mm, covering the volume of cell suspension in the wells. The stimulation was

generated with the following empirically determined parameters: 10ms pulse width, SHz pulse
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repetition rate, and 15mins duration for each well. Some slight shaking will be used to ensure
the coverage of all cells during the stimulation period. After the 15-min ultrasound stimulation,
the medium was replaced with PBS through centrifugation, and the cells were fixed with 4%
paraformaldehyde (PFA). After fixing, the cells were blocked using a blocking solution
containing 10% normal goat serum, 1% bovine serum albumin, and 0.3% Triton X-100, for 60
mins. The primary antibody was then diluted in the blocking solution, and the cells were
incubated with the primary antibody overnight at 4°C. The primary antibody was then washed
away with the blocking solution through centrifugation, and the secondary antibody, diluted in
blocking solution as well, was added for another incubation of 60mins. The cells were washed
with PBS, and a small drop of the stained cells was mounted on glass slides with DAPI. Primary
antibody to nFAT (dilution 1:100) was used to stain the intracellular distribution of nFAT, and
the secondary antibody of goat anti-rabbit Alexa Fluor 555 (A-21428, Invitrogen,
dilution1:1,000) was used. The cells were then observed with a laser-scanning confocal
microscope (Leica TCS SPE, Germany) with 40X objective. The 561nm laser excitation was
used for visualizing the distribution of nFAT, while the nucleus was observed by the 405nm
laser excitation for DAPI staining. Morphology and colocalization of the nFAT staining and

DAPI staining were observed and compared to analyze the translocation profile.
Luciferase expression in engineered NK cells

For the evaluation of GOI expression initiation in vitro, we chose luciferase protein as
reporter gene, whose activation efficiency was characterized by bioluminescence reading, as
well as immunofluorescence staining. For the switching experiment in vitro, an ultrasound
stimulation setup similar to nFAT translocation experiment was used, except for a prolonged
stimulation period of 25mins. After the stimulation, the cells were incubated for another 4h to
allow expression of the reporter gene and synthesis of the proteins. For the bioluminescence
examination, D-luciferin was then added to the medium with an incubation of 10mins before
reading. The bioluminescence signal was read using the IVIS imaging system (Perkin Elmer,

Waltham, MA). The reporter gene expression was also checked with the positive control treated
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with the cell stimulation cocktail (PMA/Ionomycin, ThermoFisher, 00-4970-93). For the
immunofluorescence staining, the similar procedure of fixing and staining was applied as in
nFAT translocation analysis. The primary antibody against a tag peptide on the expressed
luciferase was used (1:100 dilution), such that the induction of luciferase expression could be
determined by positive staining. The luciferase staining was further analyzed by microscopy

and flow cytometry to evaluate the efficiency of induction in the stimulated cell population.

In vitro ultrasound stimulation system

The plane transducer (0.5MHz, Panametrics) was equipped with the customized cone-
shaped waveguide, designated to generate an acoustic field with homogenous pressure
distribution covering an area ~4mm in diameter, within 10mm away from its surface. The
transducer was driven by a radio frequency amplifier (A075, Electronics & Innovation Ltd.),
with the control input generated by a function generator (AFG251, Tektronix). The sinusoidal
signal at 0.5MHz was generated in pulse trains with 10ms width and 5Hz repetition rate.
Different stimulation durations were programed according to the paradigms set for different

experiments.

3.3 Mechanical switching of GOI in NK cells with ultrasound

3.3.1 Functional mechanosensitive ion channel expression on NK-92 cells

We first examined the presence of endogenous mechano-sensing components, laying down
the basis for implementing GV-based sensitization for the mechanical switching design. The
functional expression of endogenous mechanosensitive ion channels on NK-92 cells were
examined with in vitro calcium imaging experiments using a customized microscopy system
for time-lapse imaging of live cells (Figure 3.2a). We used the Yodal agonist to induce the
probe the presence and function of mechanosensitive ion channel Piezol. Upon addition of
10uM Yodal to the imaging buffer, the calcium responses were quickly elicited in most NK-

92 cells observed in the experiment (Figure 3.2b). The fold changes in calcium indicator
74



fluorescence intensities were quantified with the recorded baseline signal from each cell, within
30s before the stimulation. The addition of Yodal elicited robust calcium responses within most
cells observed in the imaging experiment, with similar latencies observed across the field of
view (Figure 3.2b). By such, we have verified the functionality of Piezol on NK-92 cells,
given the well-known specificity of agonist Yodal to Piezol. The mechanosensitive ion
channel Piezol has been previously shown to mediate robust calcium responses in various cell

types to low-intensity ultrasound stimulation [86, 94, 105, 154, 155].
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Figure 3.2. In vitro calcium imaging of NK-92 cells treated with mechanosensitive ion channel agonist.
a) setup of in vitro calcium imaging on NK-92 cells. The cells were seeded on a glass-bottom plate with

PDL-assisted adhesion, stained with calcium indicators and imaged with a customized fluorescence
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microscopy system for time-lapse fluorescence imaging. b) fluorescence changes in of individual NK-92
cells after treatment of Yodal. Dashed line indicates the time point of Yodal addition into the imaging buffer.
¢) heatmap of NK-92 cells calcium responses to Yodal stimulation, with pseudo color encoding the fold
changes in the calcium indicator fluorescence intensities. White dashed line indicates the time point of Yodal

addition.

Thus, the functional expression of endogenous mechanosensitive ion channels laying
grounds for the implementation of mechanical switching system. However, we shall not be
exclusive to Piezol as the mediators. Other mechanosensitive components could also be
presented in the NK-92 cells, which shall also be advantageous since our goal is to elicit robust
calcium events via mechanical stimulation. With the presence of functional mechanosensitive
ion channels, we would expect robust calcium responses in the NK-92 cells, upon mechanical

ultrasound stimulation with sensitization.

3.3.2 Stimulating NK cells with ultrasound and the sensitizer role of GVs

GVs Rhod-2 Merge

Figure 3.3 Attachment of GVs as actuators on NK-92 cells during calcium imaging. The NK-92 cells

were stained with X-Rhod 2 (red), while the GVs were conjugated with Alexa488 (Green) on the surface.

For verifying the GV-sensitized mechanical switching system, we first conducted the in
vitro calcium imaging experiments on NK-92 cells upon low-intensity ultrasound stimulation,
as calcium signaling is central to the activation of nFAT transcription factors. We have adopted

the biotin-streptavidin conjugation mechanism for attaching GVs on NK cell surfaces. Indeed,
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the GV fluorescence could be observed with a clustered pattern surrounding NK cells (Figure
3.3), similar to the labeling outcomes in previous chapter. As the same attachment protocol was
used as in previous chapter, we would expect no impact of GV binding on the cellular activities,
viability and functionalities of the NK-92 cells during the calcium imaging experiments. Except
for the GVs as sensitizers, the broad-spectrum blocker of mechanosensitive ion channels,
gadolinium (Gd), was also introduced as a negative control for verifying the role of mechanical
signal transduction.

Without sensitization by GVs, the low-intensity ultrasound pulses did not elicit any
noticeable calcium events in NK cells, as no calcium indicator fluorescence change was
observed in this non-sensitized group. While as expected, robust calcium influx could be
induced by the low-intensity ultrasound pulses (0.3MPa) on GV-sensitized NK cells (Figure
3.4. a&b). An average peak response of 65+33% rises against baseline was seen in GV-
sensitized NK cells, which was followed by a gradual return to baseline, suggesting no obvious
compromise to the membrane integrity during the stimulation. By contrast, the addition of
blocker, Gd, abolished the calcium responses in the GV-actuated group, with no fluorescence
change observed in response to the ultrasound stimuli. The cell viability was further examined
at the end of the experiment with Propidium lodide (PI) staining, with all cells in the stimulated
region remained viable after the treatment (Figure 3.4. ¢). This suggests that the proposed
actuator scheme provided a robust amplification of ultrasound mechanical effects, enabling on-
demand calcium influx induction in a biologically safe manner. Combining the safety
examination with the calcium recordings in Gd-treated group, this also suggests
mechanosensitive ion channel blocking mechanism behind the abolishment of calcium
responses, instead of any potential impact on the cell viability. These results showed that the
mechanosensitive ion channel opening was indeed behind the calcium response induction in
GV-tethered NK cells, indicating the feasibility of initiating calcium signaling via mechanical
ultrasound stimulation in NK-92 cells sensitized with GVs. This shall lay grounds for further
manipulation of downstream calcium-responsive transcription factors via the proposed

mechanical ultrasound switching system.
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Figure 3.4. Calcium imaging of NK-92 cells stimulated with low-intensity ultrasound in vitro. a)
Representative images calcium indicator fluorescence in NK-92 cells before and at several time points after
the ultrasound stimulation, with (GVNK) or without (NK) GVs as actuators. An additional group with
blocker (GVNK+Gd) was also included for verifying the mechanical signal transduction. b) Averaged
changes in calcium indicator fluorescence, normalized to a baseline signal within 30~60s before the
stimulation. Data was collected from 3 independent experiments, with solid curves indicating the average
responses and shaded areas indicating the standard deviation. ¢) Viability of treated NK-92 cells in each

group. Data presented in mean = SD from 3 independent experiments.

3.3.3 Transduction of calcium influx into transcriptional activities

Downstream to calcium responses, we propose to utilize the nFAT responding components
for the switching of GOI. A critical step in calcium-nFAT signaling is the dephosphorylation

and translocation of the transcriptional factor into the nucleus, where they shall further regulate
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gene expression. To evaluate this key step in the transduction of the ion homeostasis changes
into transcriptional activities, we here conducted the immunofluorescence staining of nFAT in
NK-92 cells after the mechanical ultrasound stimulation, with colocalization against nucleus
and the morphology analyzed with confocal microcopy (Figure 3.5a). The level of nFAT
translocation was further quantified (Figure 3.5b) according to a previously described image-
processing algorithm [163], with the colocalization level calculated by the Fisher’s z-transform
of the Pearson’s correlation between nFAT and DAPI staining. Indeed, clear boundaries
between the nFAT fluorescence signal (red) and the nucleus (green) could be observed in
GVNK, NK, NK+US groups, indicating a cytoplastic distribution of nFAT as expected. In
GVNK+US group, a higher level of colocalization between red fluorescence could be seen
with the green fluorescence, with the boundaries blurred between two channels. This indicates
translocation of the nFAT into the nucleus by visual inspection. Furtherly, the quantification of
the translocation profile (Figure 3.Sb) also suggested a significant increase in nFAT
translocation only in GVNK+US group. The attachment of GVs alone led to no noticeable
background translocation, neither did the low-intensity ultrasound stimulation elicit any
plausible nFAT translocation in NK+US group.

Indeed, the observations were consistent with our calcium imaging results, where the
robust calcium influx was only elicited in those cells sensitized with GVs and treated with
ultrasound. This suggests that the sensitization strategy itself shall be robust and non-
stimulative to the NK-92 cells. This shall be a desirable property for switching system design,
as background translocation might lead to certain level of undesired non-specific activation of
the downstream genetic circuitry. The significant increase of nFAT translocation in GVNK+US
group suggested a robust transduction of calcium influx into transcriptional activities, on the
NK-92 cells with GVs as local actuators upon mechanical ultrasound stimulation. The results
shall lay grounds for further initiation of nFAT-responding genetic circuitry in the proposed

switching system.
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Figure 3.5. Immunofluorescence staining of nFAT translocation in NK-92 cells. a) Confocal

microscopy images of NK-92 cells, with nFAT (red) and nucleus (green) stained for translocation analysis.
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b) Quantification of nFAT translocation according to colocalization and morphology of nFAT staining. Data

collected from 3 independent experiments, with statistical significance indicated with p-values.

3.3.4 Induction of reporter gene expression in engineered NK cells with GV-sensitized

ultrasound switching

After confirming the nFAT translocation in GV-sensitized NK-92 cells upon mechanical
ultrasound stimulation, we proceeded to evaluate the efficacy of the proposed switching system
in initiating GOI expression in vitro. We transfected NK-92 cells with the calcium-responding
transduction module, consisting of nFAT-responding element in a tandem design with serum
responding element (SRE) and a cyclic adenosine monophosphate response element (CRE),
with GOI in cis downstream to a minimal promoter [105]. To demonstrate the efficacy of the
proposed mechanical switching system in terms of switching different GOIs in engineered
immune cells, which might be of interest according to specific therapeutic designs, we chose
two types of different reporter genes as example GOIs for the demonstration on genetic
induction. We first used the luciferase as the example GOI to demonstrate the overall induction
efficiency. GVs were attached on the transfected NK cells as actuators according to labeling
protocols in Chapter 2.

Luciferase expression

The Gd blocker was also introduced in the experiment as negative control, further verifying
the role of mechanical signal transduction in the GOI induction. The reporter gene expression
was evaluated with the luciferase assay, where the bioluminescence signal was captured via the
IVIS imaging system (Figure 3.6). As seen in the bioluminescence images (Figure 3.6a),
minimal background expression was presented in groups without ultrasound treatment, neither
in the ultrasound treated groups without GV sensitization. By contrast, clear rise of
bioluminescence signal was seen in GV-sensitized NK-92-Luc cells treated with ultrasound,
suggesting a successful induction of luciferase expression. Such signal was, however, abolished
when mechanosensitive ion channel blocker was introduced in the system. By a further
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quantification of signal rise upon ultrasound stimulation, the fold changes in the
bioluminescence (Figure 3.6b), normalized to the non-stimulated condition, suggested a
significant increase of reporter gene expression only in GV-tethered NK-92-Luc cells. By
blocking the endogenous mechanosensitive ion channels, the reporter gene expression was
abolished to a minimal level, with no significant difference from the non-sensitized control.
This indicates that the GOI induction was indeed attributed to the transduction of mechanical
stimulation exerted by the low-intensity ultrasound, consistent with what we observed in
calcium signaling results. These results suggest that the proposed GV-actuated mechanical
switching system is indeed effective in inducing reporter gene expression in vitro, with minimal

background and high activtion potency.

a) b)

p<0.001

1r p<0.001

o

(<]
T
—

Radiance Fold Change (a.u.)
=] =]
N »

[ 1]

GVNK NK GVNK+Gd**

Figure 3.6. Induction of luciferase by the mechanical ultrasound switching system in vitro. a)
Representative bioluminescence images of stimulated NK-92-Luc cells in 96-well plates. Gadolinium
treatment was introduced to confirm the induction was indeed through mechanical signal transduction in the
system. b) Quantifications of bioluminescence signal changes in ultrasound stimulated NK-92-Luc cells w.r.t.
non-stimulated control. Data collected from 5 independent experiments, with statistical significance

indicated with p-values.
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Flow cytometry on tdTomato induction on engineered NK cells
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Figure 3.7. Flow cytometry of Tdtomato reporter gene expression in vitro. a) Representative flow
cytometry diagram of NK-92 cells with/without GV attachment, subjected to ultrasound stimulation or sham
treatment, with corresponding histograms of reporter gene expression to the right. b) Relative reporter gene
expression upon ultrasound induction in NK-92-tdTomato cells with/without GV attachment. Data collected

from 3 independent experiments, with statistical significance indicated with p-values.

We further verified the efficiency of the proposed switching system in population-wise
induction of GOI. Similar treatment setup was used for the induction. Instead of reading
bioluminescence directly in treated cells, we established the NK-92-tdTomato cell that has
tdTomato reporter gene tethered downstream to the transduction module. The GOI induction
efficiency in the cell population was then evaluated via flow cytometry (Figure 3.7). The
results suggested that the stimulated cells in GV-actuated group showed positive expression of
tdTomato, with shift of histogram peak towards higher fluorescence intensities (Figure 3.7a).
While only a minimal number of NK-92-tdTomato cells were showing such expression, either
solely upon binding with SA-GVs or receiving ultrasound stimulus without sensitizers. Note

that the distribution of GV-bound NK cells was different from that in the control group, with a
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shift upwards along SSC axis. This indicated attachment of intact GV on the cell surface, both
with and without ultrasound stimulation, since the opacity of these gas-filled nanostructures
was expected to increase the light scattering of cells upon attachment. By quantifying the
population with upregulated tdTomato expression, no observable change was seen in control
group, while the GOI expression was increased by 1.5-fold in GV-actuated group upon
ultrasound stimulation (Figure 3.7a). This suggested that the proposed actuation scheme by
cell-attached nanobubbles indeed significantly transduced the ultrasound energy into genetic
expression, enabling control of GOI expression by mechanical ultrasound stimulation in
populations of target cells. These results indicated that the proposed strategy shall enable
efficient induction of GOI in a population of stimulated cells, which shall be desirable for
controllable initiation of effector genes on adoptive immune cells once they reach tumor sites.
At the meantime, the low percentage of background expression further justified the
manageability of the switching system, also as a desirable property in developing controlled

cellular therapies.

3.4 Discussions

In this chapter, we demonstrated a mechanical switching system for controlling genetic
expression in engineered NK cells, with low-intensity ultrasound as external stimulus. We have
examined the presence of endogenous mechanosensitive ion channels in NK-92 cells, laying
grounds for exploiting the mechanical signal transduction in these cells to implement
mechanical switching. We employed GVs as actuators, attaching to surfaces of target cells, to
locally amplify the mechanical perturbations from ultrasound, which enabled the calcium
influx elicitation by ultrasound stimulation. With confounding membrane disruption effects
excluded via channel blocking and PI staining, the transduction of mechanical stimulation into
calcium influx was attributed to mechanosensitive ion channel opening. The calcium influx
was further shown to elicit nFAT translocation, a critical process linking ion homeostasis

changes and transcriptional activities. We then showed that the actuation by GVs enabled the
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induction of GOI tethered downstream to nFAT-responding promoters in of NK-92-Luc cells,
with the induction efficiency further demonstrated in NK-92-tdTomato cells. Furtherly, we
showed that it was feasible to apply the switching system for inducing different types of GOIs
in engineered NK-92 cells, using the two reporter genes as proof-of-concept examples. This
further indicated the transferability of the mechanical switching system with GV-actuation for
induction of other therapeutic genes in specific application designs. Taken together, we
demonstrated a plausible mechanical switching strategy for controllable induction of various
genes on engineered immune cells. The system exploits the calcium-nFAT signaling pathway
for transducing mechanical stimuli into transcriptional behaviors. The surface-attached GVs
serve as actuators that amplify the mechanical waves transmitted in forms of ultrasound,
exerting cell-perturbating force that cause mechanosensitive ion channel opening and calcium
influx. The elevated intracellular calcium level then leads to translocation of nFAT
transcriptional factors, inducing expression of genes tethered downstream to nFAT-responding
promoters.

We chose the calcium-centered mechanism for the design of switching system with
ultrasound, as the ultrasound-inducible calcium activities have been recently demonstrated in
various types of cells , with the mechanosensitive ion channels as the mediators [86-94]. This
makes it a readily compatible mechanism for exerting ultrasound mechanical modulation on
the immune cells, which have been widely shown with mechanosensitivity. Moreover, the
calcium-based mechanism has also been widely employed for synthetic biological control on
cellular gene expression, leading to plenty of robust transduction modules for the
demonstration of ultrasound mechanical switching system [105]. Though the calcium signaling
and intracellular calcium levels have been widely reported with significant impact on the
activities, viability and fates of immune cells [60, 101], the expression or enhancement of
designated genes according to the module design provide the opportunity to shape the
phenotype towards desired directions in therapeutic applications. At the meantime, we do not
exclude the possibility of employing other potential cellular mechanical sensing mechanisms

for genetic manipulation purposes. In fact, we suggest in-depth screening and investigations
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for incorporating those pathways with ultrasound-dependent activities, by which a parallel or
alternative switching module shall be made available for improving the induction efficiency
and/or specificity according to application scenarios.

To achieve manipulation of cellular behaviors by external stimulation, the key is to bring
specificity in target cells of interest, either by allowing only these cells to sense the stimuli, or
by bringing sensitization specifically to them. For mechanical ultrasound switching system, a
localized sensitization specific to target immune cells is desired. On one hand, there is a broad
existence of mechanical cues and sensing mechanisms in the biological system, a simple
application of high-intensity mechanical agitation might bring up undesired responses non-
specifically in surrounding tissues. On the other hand, the immune cells, especially those
effectors employed in cellular immunotherapies, are naturally subject to a variety of
mechanical cues during their migration and trafficking throughout the system, including shear
stress in circulation, stiffness, dynamic contact with antigen-presenting cells or pathogens, etc.
A simple application of mechanical agitation through ultrasound waves might not easily
surpass thresholds in these cells, built up according to their endogenous mechanical
microenvironment. At the meantime, overexpressing mechanosensitive ion channels might also
impose complications of background activation by endogenous mechanical cues in the
engineered effectors. This naturally suggests a need to introduce localized actuators on the
target immune cells, by which the mechanical ultrasound stimuli could be locally amplified for
cell-specific agitation.

Indeed, the MB-based sensitization system has been demonstrated in previous study [105].
The mechanical ultrasound stimulus, delivered in low frequency, has been shown insufticient
for inducing the signal transduction by its own, even with the presence of mechanosensitive
ion channels in the immune cells experimented. By introducing the sensitizers, MBs, the
calcium influx was elicited upon ultrasound stimulation, and robust genetic expression was
induced. However, the size and stability of MB have been limiting its application for
implementing mechanical ultrasound switching in vivo.

GVs, with their nanoscale sizes and superior thermodynamical stability, naturally stand out
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as an alternative to MBs with prospective applicability to in vivo implementations. Essentially,
as nanosized bubbles, GVs have been shown to respond to ultrasound agitation, serving similar
functions to MBs both in nonlinear ultrasound imaging, as well as membrane perturbation and
cellular manipulations [108, 112, 113, 119, 122, 123, 140, 164]. It is thus natural to expect
similar amplification of the mechanical effects from ultrasound wave by GVs, which was
indeed demonstrated in current chapter. By such, the mechanical signal transduction in the
immune cells can then be rewired for desirable genetic expression, with mechanical ultrasound
as the external switching mechanism. For the compatibility of GVs for in vivo applications, the
tracking of GV-tethered NK-92 cells in Chapter 2 has suggested a functional integrity of GVs,
in the context of carrier immune cell infiltration in the tumor. The structural integrity, and hence
the functional integrity of these gas-filled structures is critical to their capabilities of responding
to ultrasound, in terms of scattering and oscillating. The observation of nonlinear ultrasound
signal in tumor infiltrating NK-92 cells, labeled by GVs, suggests that these cell-bound GV's
remained intact during the infiltration of NK-92 cells to the tumor, which further generated
nonlinear ultrasound contrast with their flexible gas-filled structures. Moreover, as strong
contrast signal was observed at 24h post-infusion, indicating a superior stability of GVs
compared to MBs that have a documented in vivo lifespan of minutes. This means that the other
factor that hinders the application of MBs as in vivo actuators for mechanical switching, i.e.,
the short lifespan, could be overcome by the use of GVs. Therefore, we believe that the GV
shall serve functionally as actuators in the context of cellular immunotherapy for cancers,
enabling the remote control of engineered immune cells by the mechanical ultrasound
switching system in vivo. The combination of the tracking strategy and the switching system
further allows image-guided manipulations, where switching stimuli could be delivered with
information upon the cell trafficking and accumulation at the tumor site. Moreover, it has been
demonstrated that the displacement of GV-bearing bacteria could be manipulated by the
acoustic field [122, 123]. This further suggested a potential mechanism for local attraction and
infiltration enhancement on adoptive immune cells using the ultrasound, considering the

versatility of these nanosized mechanical actuators.
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The mechanical effect from ultrasound wave has been shown with superior spatiotemporal
precision, standing out as an attractive candidate for the implementation of switching system
in vivo. It enjoys deep penetration in biological tissues that optical approaches crave for, while
it is also free of concerns like heat dissipation and heat sink effects related to hyperthermia-
based switching. The GV-actuated mechanical ultrasound switching strategy, demonstrated in
this chapter, offers opportunities for designs of remote-controlled cellular immunotherapies
with in vivo compatibility, exploiting the fine precision of ultrasound modality. Moreover, the
proposed mechanical switching system provides an alternative signaling mechanism, different
from the heat-responsive elements, for manipulating biological processes in deep tissues. On
one hand, it offers a potential way of multiplexing switching input of ultrasound. The
mechanical ultrasound stimulation, being the ultrasound wave in nature, should also be
compatibly deliverable by operating systems built for hyperthermia ultrasound. By applying
different driving parameters, the ultrasound stimulation could be generated in a thermal or non-
thermal oriented manner. The initiation of different circuitries, tethered to different responding
elements, could then be controlled according to demands by the mechanical or heat signaling
transduction. On the other hand, the possibility of controlling multiple genetic circuitries in
living cells offers broad prospectives for more sophisticated designs. In a simplest example,
the AND logic design could be achieved by conditioning the expressions of components in
hyperthermia switching system to mechanical switching, by which a more stringent control of
CAR expression could be implemented, further reducing concerns of background expression
at undesired sites. Logical control designs shall allow sophisticated programing and directing
of cellular behaviors according to our demands, with potentials of attaining droid-mimicking
capabilities in engineered cells.

In this chapter, the surface attachment of GVs has been shown to enable ultrasound-
controlled induction of genes in engineered NK cells, supporting the rationale of designs with
localized actuators. However, considering the contrast signal decay in last chapter, the results
suggest the actuator capability could only last for a few days in vivo for current stage. In certain

scenarios, sensitizers with longer persistence might be desired, with which switching stimuli
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could be exerted at later time points according to the needs. Though extra concerns might be
raised upon the expression burden, the acoustic reporter gene technology [120, 121] might be

a potential solution to bear long-term actuators on the target cells.

3.5 Conclusions

In this chapter, a mechanical switching system for controlling genetic expression in
engineered NK cells with low-intensity ultrasound was demonstrated. The surface-attached
GVs were shown to enable calcium influx initiation by ultrasound stimulation on NK-92 cells.
The calcium events were further shown to induced nuclear translocation of nFAT, establishing
grounds for inducing transcriptional activities by mechanical ultrasound stimulation. The nFAT
signaling was then exploited for target gene expression, demonstrated on engineered NK-92
cells with reporter gene expression induced by low-intensity ultrasound with the assistance of
cell-attached GVs.

The proposed system showed capabilities of controlling genetic expression in engineered
immune cells by ultrasound, where GVs were incorporated as cell-specific actuators that
amplified the mechanical stimuli with compatibility to in vivo applications. The proposed
strategy provides solutions to in vivo mechanical switching of genetic expression by ultrasound,
exploiting fine spatiotemporal precision of the modality in cellular therapies. Furtherly, with
the cellular engineering of genetically programed anti-tumor potencies, the proposed system
shows substantial potentials in implementing remote control on engineered effectors for both
enhanced potencies and safety management. With the versatile ultrasound modality, the
proposed strategy shall also provide tremendous opportunities for image-guided manipulation

on the engineered living therapeutics.
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Chapter 4 Conclusions and future work

In summary, the ultrasound modality has been exploited for applications in cellular
immunotherapies. The GVs, protein-shelled nanostructures with gas cores, have been
employed as ultrasound-responsive nanobubbles. Exploiting their nonlinear echogenicity, these
nanobubbles have been introduced as cell-tethered ultrasound contrast agents, enabling the
tracking of adoptive immune cells in cellular immunotherapy with ultrasound imaging. At the
meantime, the cavitating effects of these nanobubbles under acoustic field have been utilized
as the actuating mechanisms, achieving mechanical switching of genetic circuitry in engineered
immune cells by ultrasound stimulation, with prospective compatibility for in vivo
implementations.

We first established that the ultrasound imaging modality is compatible with the tracking
of adoptive immune cells, where cellular viability and functionalities are preserved for their
anti-tumor cytotoxicity. We employed nanobubbles for the labeling of NK-92 cells, and we
showed that the labeling by nanosized contrast agents impose negligible burden on cellular
migration and infiltration, addressing one major issue hindering the application of MBs in cell
tracking design. With no observable impact on cell viability or functionalities, we further
demonstrated the detectability of GV-labeled NK-92 cells by nonlinear ultrasound imaging in
vitro. The detection threshold and signal persistence were determined in vitro, with significant
contrast arising from labeled NK cells at density of 1x10°, persisted up to 48h after the labeling
procedures. The in vivo detection of GV-labeled NK cells by ultrasound imaging was further
established in liver imaging, where the presence of systematically infused NK-92 cells was
cross-validated with ex vivo optical imaging. In tumor-bearing mice, the feasibility of applying
ultrasound imaging for immune cell tracking in cellular immunotherapies was further
established, with the ultrasound contrast demonstrated to reflect dynamical changes in NK
trafficking to tumors. The early-phase trafficking was observed as early as 3h post-transfer,
with contrast signal persisted up to 48h after the systematic infusion of NK cells. Altogether,

these results suggested the compatibility of ultrasound imaging modality to immune cell
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tracking purposes, upon the utilization of contrast agents with desired dimensions and
thermodynamical properties. Previous attempts have been made to detect cellular targets in
vivo by ultrasound imaging [120, 145-147], while the fundamental incompatibility between
MBs and immune cell infiltration in tumors was not addressed, or destructive pulses were
applied for the one-time detection purposes. In this thesis, we provided a non-destructive
ultrasound tracking scheme, with nanosized contrast agents compatible for tumor-infiltrating
immune cells. The proposed tracking scheme has been demonstrated suitable for detecting and
monitoring the functional effector cells, in the context of systematic infusion for cancer
immunotherapy.

The detection of ultrasound contrast signal in the tumor, hours following transferred of
GV-tethered NK cells, further suggested the structural integrity of these nanobubbles during
the process of immune cell infiltration in tumors. This indicated the compatibility of exploiting
these nanobubbles as in situ actuators for sensitization of immune cells to ultrasound
stimulation. Hence, in this thesis, we further verify the feasibility of inducing gene expression
by mechanical ultrasound stimulation in NK cells, with GVs as localized nanosized sensitizers.
With the functional mechanosensitive components checked in NK-92 cells, we first showed
that the mechanical effect from ultrasound wave could elicit robust calcium influx in
nanobubble-sensitized NK-92 cells. We then showed the nFAT nucleus translocation triggered
by ultrasound in GV-tethered NK cells, verifying the transduction of calcium influx into
transcriptional activities. The GOI induction was then demonstrated in NK-92 cells transfected
with luciferase reporter gene, designed downstream to nFAT-responsive promoters. In a model
system of NK-92 cells with IFN-y secretion bypassed to the ultrasound-controlled circuitry, we
showed that the proposed sensitization and switching system allowed controlled activation of
anti-tumor potencies in engineered immune cells. In this thesis, we verified that by utilizing
nanobubbles as sensitizers, the mechanical ultrasound switching is feasible. Comparing to
traditional MBs, the nanobubbles features compatibility with implementations in cell
immunotherapies. As clear ultrasound contrast was observed from nanobubbles attached to

tumor-infiltrating NK-92 cells, nanobubbles are expected to enter tumor tissues with negligible
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impact on the target cell functionalities. With stable nanobubbles like GVs employed in this
thesis, or with other possible formulations of high thermodynamical stability, the insufficient
lifespan of MB actuators could also be overcome. These suggest nanobubbles as plausible in
situ actuators to sensitize target immune cells for mechanical ultrasound stimuli, while the
current thesis has established the basis of inducing gene expression in GV-sensitized immune
cells upon mechanical ultrasound stimulation.

By introducing the ultrasound modality into the field of cellular immunotherapies, several
benefits shall be provided. By the introduction of nanobubbles, of any possible formulation
with desirable physical properties like sizes, flexibility and stability, the clinical application of
cellular immunotherapies would enjoy the already-on-board ultrasound systems for both
tracking and remote-control purposes. The easy-to-access and cost-effective monitoring and
evaluation method could be implemented with the ultrasound imaging modality, with
nanobubbles as cell-tethered contrast agents, taking advantage of the ultrasound imaging
systems ubiquitous in most clinical settings. At the meantime, informed with the accumulation
status of adoptive immune cells in the tumor, decisions could be made on whether employing
interventions or in-depth examination by e.g., biopsies, with the opportunities of implementing
such procedures under real-time ultrasound imaging guidance. With cell-tethered nanobubbles
as sensitizers, we expect potentials in the on-site activation of highly potent engineered cells
by mechanical stimulation, enjoying the fine precision in spatial and temporal domains. As
ultrasonic waves in essence, the mechanical ultrasound switching shall be readily compatible
with the focused ultrasound apparatus, with amplitude and pulsing parameters controlled for
delivering agitations in mechanical-only manners. With nanobubbles, the proposed mechanical
switching strategy features prospective compatibility with applications in living organisms,
providing an alternative deep-tissue switching mechanism apart from hyperthermia. This
further paves the avenue for implementing sophisticated switching designs, and hence stringent
management strategies on engineered cells, with opportunities to independently control
different genetic circuitries with different mechanisms, at depth in biological tissues.

In this thesis, the functional induction of genes in engineered immune cells by ultrasound
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was demonstrated in vitro, serving as the basis for implementing mechanical remote control in
cellular immunotherapy using ultrasound modality. The nanobubbles were used as the cell-
attached actuators that exert the modulating mechanical force with specificity on carrier cells,
enabling manipulation of transcriptional behaviors in engineered immune cells on demands.
With the in vivo compatibility of nanobubbles, the implementations of the proposed mechanical
switching scheme in animal models shall be first pursuit. Indeed, with the complication in the
TME, the switching efficiency shall be determined with more stringent ex vivo or in vivo
scenarios, with genes of therapeutic interests employed over the reporter gene examples.
Engineered immune cells, with activatable CAR expression and/or cytokine release shall be
incorporated for solid tumor models. The GVs shall be attached on the surface of these
activatable effectors, serving both roles of markers for ultrasound-based tracking as well as
actuators for mechanical switching of the effector genes. The ultrasound imaging will be
applied for the tracking of these cells after adoptive transfer, monitoring the dynamical
accumulation of the engineered immune cells in the tumor. The gene-activating ultrasound
stimulation shall be applied on the tumor site, within windows with high immune cell
recruitment profiles determined by the ultrasound imaging, ensuring effective exertion of
triggering stimuli on the engineered immune cells. By such, the on-site remote control of the
engineered immune cells shall be achieved, with image guidance for improved spatiotemporal
precision. Moreover, the compatibility of the proposed mechanical switching system with the
heat-shock responsive systems shall be explored. In a simplest in vitro setting, model cell shall
be simultaneously transfected with spectrally multiplexed reporter genes, tethered downstream
to HSF and nFAT respectively. The switching of either or both reporter genes could be
examined, with the mechanical and hyperthermia ultrasound applied in designated orders. By
establishing such a multiplexed switching system, more sophisticated control on the cellular
genetics shall be made possible, with the opportunity to apply logical control on the cellular
behavior.

The surface attachment scheme was employed in this thesis for the tethering of

nanobubbles with the target cells, by which the functional roles of nanobubbles as contrast
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agents and sensitizers were demonstrated. Limitations, however, exist for such surface-
attaching scheme. On one hand, as determined in the previous chapters, the ultrasound contrast
signal decayed in GV-tethered cells within 48h after the binding, becoming indistinguishable
from non-labeled counterparts at 72h. The signal persistence observed both in vitro and in vivo
was indeed shorter than previously reported GV lifespans [109, 113]. The limited lifespan
observed on cell-bound GVs might be attributed to certain cell-cell and/or GV-cell interactions,
presented among immune cells that GVs attached to or from resident cells in the TME. On the
other hand, presence of these gas-filled entities on cellular surfaces might impose certain level
of steric hindrance, introducing potential barriers, if any, between effector cells and their
designated targets. Therefore, the introduction of intracellular labeling mechanisms would
provide a potential way of reducing the cell-GV interactions in the TME to prolong GV
persistence, as well as avoiding potential steric hindrance that might impact execution of
effector functions. The GV, as biogenic protein structures, has been demonstrated in recent
years as genetically encodable acoustic reporters, serving versatile roles in ultrasound imaging
and manipulations of GV-expressing cells [120-123]. With such potentials, future studies shall
also pursue the expression of GVs as reporter genes in adoptive immune cells. On one hand,
the intracellularly expressed GVs shall be minimally impactful on the cell-cell contact between
immune cells and their targets. On the other hand, the stably expressed GVs in the adoptive
cells would also allow longer-term tracking by ultrasound imaging, as well as exploiting the
acoustic reporter gene for imaging their viability and functionalities.

Apart from GVs, nanobubbles of other possible formulations that exhibit similar
echogenicity and stability shall also be explored, with certain properties optimized for either
tracking or switching purposes. Specifically, the lipid formulations similar to FDA approved
MBs have been exploited for the synthesis of nanobubbles [165], with several demonstrated
applications in ultrasound imaging [166-168]. Interestingly, the intracellular trapping of such
synthetic nanobubbles has prolonged the contrast enhancement up to 24h [168], a lifespan
beyond the known circulation time of traditional MBs. By reducing the sizes, the nanobubble,

with similar formulations to MBs, exhibits signal persistence that shall also suffice the need of
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early-phase tracking of adoptive immune cells, as well as sensitizing tethered cells for
ultrasound stimulation within this time window. Such synthetic formulations shall also be
investigated and pursued for the labeling, tracking and stimulation of immune cells, such that
an implementation closer to clinical translation might be obtained, also with opportunities for
bulk production. At the meantime, with either source or formulation of nanobubbles, the in-
depth investigations on the imaging sensitivity and quantification values shall be pursued. With
standardized labeling protocols and well-characterized nanobubble-cell binding efficiency, a
stringent relation between ultrasound contrast and the number of cells in a voxel shall be
established. This shall contribute to the quantitative tracking of adoptive immune cells by
ultrasound imaging, featuring greater values in post-treatment evaluations of cellular
immunotherapies.

The compatibility of the proposed tracking and switching strategies with other immune
cell types shall also be investigated. Although all being immune cells, different cell types would
exhibit their unique physiologies, which might impose potential influences on the GVs. For
example, the macrophages have been known to internalize and degrade GVs through lysosomal
proteolysis [111]. Therefore, a simple surface attachment scheme might not allow labeling
macrophages with GVs, which might be easily internalized and degraded by upon contact with
the cells. Alternatively, an extended space arm between GVs and cell surfaces might be
introduced, by incorporation of polyethylene glycol (PEG) for example, or an employment of
silica-based contrast agents, might provide possible solutions to macrophage labeling. Similar
attachment protocol shall be applicable for lymphocytes like cytotoxic T lymphocytes, on
which the biotin-streptavidin conjugation has been shown valid for labeling with various types
of probes for tracking purposes [148]. At the meantime, the optimal ultrasound parameters
might also be investigated for effective stimulation on different immune cell types, considering
the diversity in their mechanical properties such as compliance.

In all, this thesis lays grounds for the application of ultrasound modality for tracking and
switching purposes in cell immunotherapies, with the assistance of nanobubbles. A more

wholistic and in-depth investigation on nanobubble-assisted ultrasound modality is worth
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pursuing, in terms of nanobubble formulations, alternative labeling mechanisms, quantitative
tracking, compatibility with diverse cell types, as well as in vivo implementations of
mechanical switching, multiplexed switching designs. By a deeper understanding of the
mechanisms and the optimized strategy design, it paves way for the systematic post-treatment
monitoring and interventions paradigm in the application of cellular therapeutics, taking

advantages of the already-on-board ultrasound systems.
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