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ABSTRACT
Ultrasound-assisted modulation of the endothelial cell Membrane for cellular
immunotherapy
Elahe Memari, Ph.D.
Concordia University, 2025
The potential of immunotherapy for brain cancer remains limited due to the presence of a
restrictive blood-brain barrier and suppressive tumor microenvironment. Therefore, developing
strategies to improve the efficacy of molecular and cellular immunotherapy is in urgent need. In
this thesis, I explore the potential of therapeutic ultrasound under fluid flow conditions to enhance
endothelial cell permeabilization and immunobiology for improving immunotherapy. Here, fluidic
systems were employed to cultivate and treat two human endothelial cell types, either umbilical
vein (HUVEC) or brain endothelial cells (HBEC-5i), under flow conditions. The findings
demonstrated a direct correlation between microbubble flow velocity and ultrasound-assisted cell
permeabilization. The velocity of microbubble perfusion also substantially influenced the
dynamics of Ca*" influx in endothelial cells. Additionally, shear-flow preconditioning influenced
endothelial cells' cytokine profile, significantly enhancing their susceptibility to ultrasound.
Furthermore, distinct microbubble flow patterns dramatically influenced the efficiency of cell
permeabilization. Building on these findings, I explored the effects of microbubble-induced shear
stress on endothelial cell immunobiology. Ultrasound-stimulated microbubbles led to a time-
dependent upregulation of cell adhesion molecules involved in immune cell homing. Additionally,
ultrasound treatment under identical conditions significantly increased the secretion of 20
cytokines and chemokines 4 hours post-sonication, improving CAR NK-92 cells homing and
trafficking. Overall, this thesis highlights the potential of ultrasound-activated microbubbles to
overcome the challenges of tumor microenvironments, thereby enhancing the efficacy of cellular

immunotherapy.
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1. Introduction and Background Motivation

1.1. Brain Cancer

Primary and metastatic brain tumors remain one of the leading causes of death worldwide due to
the complexity of these neurological malignancies. The central nervous system (CNS) is a common
site for metastasis from lung cancer, with the highest rate of 20-56%, followed by breast cancer,
with a range of 20-30%, based on the cancer subtype. CNS metastasis occurs when circulating
malignant cells enter from the primary tumor sites into the neurovascular system, followed by
tumor development throughout the neuroaxis[1]. However, intracranial metastasis is the most
prevalent type, dominantly forming within the brain parenchyma. Despite the higher incidence rate
of metastatic versus primary brain tumors, glioblastoma multiforme (GBM), which is a grade IV
astrocytoma, is known as the most lethal brain cancer. Additionally, GBM has the highest incidence
rate among adults, with a poor survival rate of less than 15 months when patients undergo standard-
of-care therapy. A significant contributing factor in the poor prognosis of GBM is the inter- and
intra-tumoral heterogenicity in the genetic aberrations, as well as the cellular and molecular
composition of their tumor microenvironment (TME), which contribute to treatment resistance.
Beyond the tumor heterogenicity, the distinct physiology of brain tumor vasculature poses
significant challenges to treatment outcomes. Brain tumor vasculature is characterized as an
irregular network of tortuous vessels with high permeability and the presence of dead-end vessels.
Despite the dissimilarities of the primary and metastatic brain tumors, their prognosis faces
comparable challenges, including the presence of the blood brain barrier (BBB) and TME. As an
enclosed and tightly regulated organ, the brain protects itself from systemic immunity by confining
the trafficking of adaptive immune cells using the BBB. Therefore, as compared to peripheral
cancers, TME of CNS tumors, whether primary or metastatic, experience limited infiltration of
effector immune cells, especially T cells, which contribute to development of a highly
immunosuppressive environment around the tumor. Given the restricted immune profile of brain
tumors, they are considered as a cold tumor, which is linked to the poor response to current
immunotherapies. Therefore, to unlock the potential of immunotherapy strategies, we must first

explore the underlying challenges, more specifically the BBB and TME[2].



1.2. Blood Brain Barrier

The blood-brain barrier (BBB) is a tightly regulated microenvironment that shields the brain and
spinal cord by forming a restrictive barrier between bloodstream and CNS parenchyma. It
comprises a single layer of endothelial cells, supported by pericytes and astrocytic perivascular
processes. One of the distinctive characteristics of the BBB is the expression of specialized tight
junction proteins between endothelial cells, creating a highly restricted barrier which prevents the
paracellular diffusion of the majority of molecules and therapeutic agents. Additionally, the BBB
actively prevents the transcellular entry of most molecules and blood-derived compounds through
the high expression of active efflux pumps, especially ATP-biding cassette (ABC) transporters,
including P-glycoproteins, and the multi-drug resistance-associated protein 1 and 2 on brain
endothelial cells [3]. Despite the highly restrictive nature of the BBB, it permits the passage of
ions and essential nutrients for normal brain function, including amino acids, peptides, vitamins,
glucose and folic acid. Additionally, it allows the entry of small molecules under 400 Da with high
lipid solubility, typically characterized as molecules with less than eight hydrogen bonds [4].
However, not all small hydrophilic molecules can cross the BBB, and 98% of the small molecules
are unable to penetrate this highly limited barrier. This presents a significant challenge for
developing therapeutic agents to treat brain malignancies, as all large macromolecules, including
recombinant proteins and monoclonal antibodies, along with most small therapeutic agents are
unable to cross this barrier[5]. Unlike the healthy brain, the integrity of the BBB is compromised
in many brain conditions such as brain cancer, Alzheimer's disease, amyotrophic lateral sclerosis
and multiple sclerosis. The vascular structure in brain tumor is remarkably heterogeneous, with a
highly permeable endothelium in the tumor core, while the vessels at the tumor periphery remain
largely intact. One factor that contributes to the BBB disruption is an elevated level of vascular
endothelial growth factor (VEGF) which can increase the permeability of the BBB by the
disruption of tight junctions between endothelial cells[6]. Furthermore, the tumor-secreted factors
and pro-inflammatory cytokines in the GBM environment result in the loss of a fraction of tight
junction proteins, including claudin-3 and the downregulation of claudin-1 and claudin-5, which

lead to BBB disruption[7].

1.3. Tumor Microenvironment
The brain TME is a unique niche comprised of cancerous cells, diverse immune cells,

mesenchymal stem cells, fibroblasts, and a network of cerebral vessels. Additionally, TME is

2



enriched with varied cytokines, chemokines and growth factors, depending on the cancer type.
Notably, TME composition determines the cancer progression and its response to
immunotherapies. More specifically, cellular components of TME are critical targets for
developing novel immunotherapy strategies for brain cancer treatment [8]. Among these
components, tumor-infiltrating T lymphocytes play a dual role, either promoting tumor growth or
facilitating tumor clearance. While cytotoxic T cells (CTL) can strongly eradicate tumor cells, the
majority of CTLs within the TME are either exhausted or functionally impaired[9]. Furthermore,
most CD4+ T cells in TME are regulatory T cells, further contributing to the suppressive features
of TME. Besides T lymphocytes, brain TME is enriched with tumor-associated macrophages
(TAM), a key component of the tumor’s immune landscape. TAMs are the dominant population of
immune cells in GBM TME, making up approximately 30% of the tumor mass. These cells are
classified into two groups of bone-marrow derived macrophages (BMDM) and microglia
originating from the yolk sac. It has been shown that BMDMs constitute a more significant
proportion of TAMs in GBM TME. Other critical immune cells in the TME are NK cells, which
are capable of targeting and eradicating cancerous cells by detecting the danger signal. However,
GBM cells can evade NK cell-mediated cytotoxicity by expressing HLA-G, which interacts with
inhibitory receptors on NK cells, resulting in their functional suppression. Given the critical role
of TME in cancer behaviour and response to treatment, understanding its variations between
primary and metastatic brain tumors is essential. Interestingly, meaningful differences exist in both
TME composition and tumor vascularization, not only between primary and metastatic brain
tumors, but also among brain metastasis originating from different cancers. For instance, the TME
of secondary brain tumors from lung cancer is dominantly infiltrated with T cells, whereas breast
cancer brain metastasis is mainly populated with myeloid cells. Furthermore, while the TME of

primary brain tumors is rich in NK cells, metastatic brain tumors largely lack NK cells[10].

Aside from the immune cell population within TME, glioma stem cells (GSC) are a fundamental
component of the GBM environment. The proportion of GSCs within the TME directly correlates
with the tumor grade and angiogenesis. GSCs promote tumor progression through the recruitment
of monocytes and triggering their polarization to pro-tumor macrophages. Moreover, GSCs
adversely affect T cell population within the TME by inhibiting the effector T cells and activating
regulatory T cells. Another critical cell type within the TME is astrocyte, which plays a crucial role

in brain homeostasis and maintaining the integrity of the BBB in the healthy brain. However, in
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the presence of tumor, astrocytes contribute to tumor progression by secreting pro-tumor cytokines

and growth factors.

1.4. Research Statement

Given the highly infiltrative nature of brain tumors into the surrounding brain parenchyma, the
first line of treatment is maximal surgical resection of tumor mass without damaging the healthy
brain tissues. Following surgery, repeated sessions of radiotherapy will be performed to remove
the remaining tumor mass, which depends on the cancer type, location and stage. Repeated
radiotherapy can cause radio-necrosis of the brain’s healthy tissues. Therefore, the potential
toxicity of whole-brain radiation therapy has highlighted the necessity of more targeted
approaches, such as stereotactic radiosurgery (SRS). Despite the effectiveness of this strategy for
the early stages of brain metastasis, it fails in the case of widespread brain metastasis[1].
Additionally, as a supplement to surgery and radiotherapy, chemotherapy is administered to
eradicate the remaining tumor mass further and prevent tumor recurrence. However, chemotherapy
for brain cancers is faced with significant challenges, the first of which is the inability of most
therapeutic agents to pass across the BBB and reach the tumor site. Additionally, the systemic
administration of therapeutic agents can lead to off-target effects and systemic toxicity. Another
factor that decreases the efficiency of chemotherapeutic agents is intra-tumoral molecular
heterogenicity, which is partly due to the evolving genetic profile of the tumor cells[11]. Therefore,
the failure of traditional treatments to improve the patients' long-term survival has led to the
emergence of novel therapies such as immunotherapies. Over the past few decades,
immunotherapy strategies, including immune checkpoint blockade and the adoptive transfer of
engineered chimeric antigen receptor (CAR) T or NK cells, have shown considerable potential for
cancer therapy, especially hematological malignancies such as B cell acute lymphoblastic
leukemia (B-ALL) and multiple myeloma. While CAR-T cells have been approved for treating
several blood-borne cancers, CAR-NK cells are emerging as a better alternative for cancer therapy
due to their intrinsic ability to kill abnormal cells and substantially lower side effects. Despite the
potential of CAR-T and CAR-NK cells, their application for brain cancer treatment remains poor
due to their inability to cross the BBB and the presence of a highly suppressive TME around the
brain tumors. Therefore, there is an urgent need to develop novel strategies to promote an anti-

tumor immune response and improve the trafficking of effector immune cells into the tumor site.



In this regard, focused ultrasound emerges as a promising solution to address the treatment

challenges of brain malignancies that are posed by conventional therapies.

Focused ultrasound presents its therapeutic applications through varied mechanisms of action, one
of which is inducing mechanical effects when combined with intravenously injected microbubbles.
Ultrasound-stimulated microbubbles have been extensively investigated for their application in the
transient opening of the BBB, allowing the penetration of therapeutic agents such as drugs with a
molecular weight of >400 Da and monoclonal antibodies. In addition to drug delivery applications,
ultrasound-stimulated microbubbles have gained increasing interest due to their potential to elicit
a strong immune response and modulate TME. One proposed mechanism is through the transient
yet large magnitude shear stress that is applied to the vascular endothelium by the oscillating
microbubbles in an ultrasound field. In general, shear forces such as shear stress induced by blood
flow are suggested to influence the surface expression of critical cell adhesion molecules (CAMs)
and anti-tumor cytokines and chemokines. Therefore, the shear-induced molecular changes play a
crucial role in the recruitment and trafficking of effector immune cells into the tumor site, thus
modulating the TME. Another critical factor is the abnormal morphology of the tumor vasculature,
which results in disturbed blood flow and consequently impacts the microbubble perfusion pattern

within the tumor tissue.

To address these challenges, this thesis investigates the influence of ultrasound in combination
with continuously flowing microbubbles under fluid flow in local enhancement of immune cell
trafficking to improve the efficacy of cellular immunotherapy in the context of brain cancers. The
following sections of this chapter will provide background context on NK-mediated cellular
immunotherapy — including immune cell trafficking and shear stress considerations — followed by

an introduction to focused ultrasound and its main applications.

1.5. NK and CAR-NK Cells

Natural killer cells (NK cells) are characterized as large granular lymphocytes, which are a part of
the innate immune system. NK cells target a wide range of tumor cells and some virus-infected
cells. Due to their lymphocyte-like characteristics, NK cells serve as a bridge between innate and
adaptive immune systems|12]. They account for 5-15 % of peripheral leukocytes, with the majority
belonging to CD56Y™ CD16 M subset with high cytotoxicity and less than 15 % belonging to
CD56°#" CD16 ¥ subset, known as immature NK cells[13]. A distinguishing feature of NK cells



is their ability to lyse the target tumor cells without prior exposure or specific immunization, which
makes them an ideal target for cellular immunotherapy. NK cell’s function relies on a balance
between the activating and inhibitory receptors on their surface. Activating receptors such as
NKG2D and NKP30 can interact with stress-induced ligands on the target cells. In contrast,
inhibitory receptors like KIR and NKG2A suppress NK cells by binding to MHC class I on normal
cells. Under normal conditions, the suppression of NK cells via their inhibitory receptors is
essential to prevent damage to healthy tissues. However, the reduction or loss of MHC class |
molecules on infected or malignantly transformed cells, known as ‘missing self” prevents the
inhibitory signals, thus allowing the NK cells to promote an inflammatory response[12]. In
contrast, activating receptors can engage with cell-surface proteins on the target cells that have
been stimulated via metabolic stress known as ‘stress-induced self,” which shifts the balance
toward the activation of NK cells when at least two activating receptors on NK cells are triggered.
From a functional perspective, NK cells are unique in having several mechanisms to eliminate the
target cells , one of which is relatively similar to the cytotoxic function of CD8-positive T cells.
NK cells contain cytotoxic granules loaded with perforin and granzyme B within their cytoplasm,
which are released upon exposure to infected or malignantly transformed cells. Perforins lead to
the pore formation in the target cell membrane, which allows the penetration of granzymes, which
then induces cell apoptosis. Another primary cytotoxic mechanism is the expression of tumor
necrosis factor-related apoptosis-induced ligand (TRAIL), which is expressed on the NK cells and
interacts with death receptors on the surface of many cells. The death receptors that interact with
TRAIL ligands on NK cells are DR4 and DRS5, which are a part of the TNFR superfamily. Upon
the interaction, DR4 and DRS stimulate the caspase 8-induced apoptosis of the target cells. The
third cytotoxic mechanism of NK cells is called antibody-dependent cellular cytotoxicity (ADCC).
In this process, the interaction of NK cell’s surface FC receptors with antibody-coated target cells
leads to the release of cytotoxic granules, followed by target cell lysis. In addition to the direct
cytolytic function of NK cells, they can indirectly regulate the immune response through the
secretion of cytokines. The main cytokine secreted by NK cells is interferon-y (IFN-y), which can
activate innate immunity through the activation of macrophages, as well as adaptive immunity
through activating dendritic cells and stimulating the differentiation of CD4 T cells toward a pro-
inflammatory state. As mentioned before, the activation of NK cells depends on a dynamic

interplay between clusters of germline-encoded activating and inhibitory receptors. When NK cells



encounter the stress-induced target cells, the activating receptors will engage with these ligands
and trigger the secretion of IFN-y, followed by the release of cytotoxic granules, which can lead

to target cell eradication[14].

Chimeric antigen receptor-transduced NK cells (CAR-NK cells) are highly targeted NK cells that
are genetically modified to express a unique chimeric antigen receptor designed to interact with
specific tumor antigens. One distinctive feature of CAR-NK cells is their ability to function
independently of HLA recognition, which enables them to target the tumor cells in HLA-diverse
patient populations. Besides, CAR structures can target a range of molecules beyond proteins,
including carbohydrates and glycolipids[15]. CAR constructs consist of three moieties, including
a single-chain antibody variable fragment as an extracellular domain which interacts with a
specific tumor antigen, a transmembrane linker, and a signalling intracellular domain. CAR
constructs are categorized into five generations based on the intracellular domain composition.
First-generation CARs consist solely of the CD 3( signalling domain, which results in limited
survival and activation of CAR-modified cells. Conversely, the second and third-generation CARs
consist of CD 3(, in addition to one (e.g., CD28, CD137 or CD-134) or two (e.g., CD28 and
CD137) costimulatory signals, respectively, which enhances the persistence and activity of CAR
cells. While the second- and third-generation CAR constructs have exhibited better cytotoxicity
than the first-generation, their limited total efficacy led to the emergence of fourth-generation
CARs. The fourth-generation CAR structures are designed to incorporate a transgenic payload in
the effector immune cellsgenome to enable the cell to secret a specific cytokine, such as IL-12, IL-

15 and IL-18, to enhance the activation and cytotoxicity of the engineered cells[16].

1.6. Immune Cell Trafficking

Immune cells, such as T cells and NK cells, continuously monitor the body for infected or
abnormal cells in a process known as immune surveillance However, in normal conditions, the
vascular endothelium is inactivated, with lower expression levels of CAMs, which are essential
intermediaries of immune cell trafficking. Additionally, the absence of chemotactic stimuli in the
normal conditions leads to transient rolling of immune cells along the vessel walls without forming
a firm adhesion and extravasation into the underlying tissues. In contrast, inflammation or tumor
presence triggers the secretion of varied pro-inflammatory cytokines and chemokines, which

regulate the activation of rolling and adhesion process through multiple mechanisms. One



immediate effect of the pro-inflammatory cytokines is the upregulation of immunoglobulin-like
superfamily CAMs such as ICAM-1 and VCAM-1, which are critical for the firm adhesion of
immune cells and their extravasation to the inflamed tissues. Pro-inflammatory cytokines also
result in the conformational changes in integrins, including LFA-1 (CDl1la: CD18) and CR3
(CD11b: CD18) on the effector immune cells, shifting them to a high-affinity conformation, which
further enhances the possibility of the interaction between immune cells and endothelium.
Generally, the process of rolling and adhesion of immune cells consists of several steps. Initially,
immune cells roll along the endothelial monolayer by binding their fucosylated oligosaccharide
ligands to the low-affinity selectins [14]. he immune cells' interaction with selectins is fragile and
breaks rapidly due to the blood shear forces, which allows the immune cells to decelerate within
the blood circulation. As they roll, immune cells are exposed to the systemic and locally secreted
inflammatory chemokines from endothelial cells. These chemokines bind to immune cell receptors
and trigger the heterodimeric integrins to unfold, which shifts their conformation to a high-affinity
state. Next, immune cells interact with a subset of CAMs such as ICAM-1 and VCAM-1, forming
firm adhesion and arrest. These firm interactions activate signalling pathways within the immune
cells, which triggers morphology change and enables immune cells to squeeze between the

endothelial cells and extravasate into the underlying tissues.

1.7. Shear Stress

Endothelial cells, lining the lumen of vessels, have long been shown to be regulated by chemical
stimuli such as hormones, cytokines and neurotransmitters, which contribute to the maintenance
of normal function of blood vessels. Beyond the chemical mediators, blood flow applies
continuous mechanical forces on endothelial cells in the form of cyclic stretch and shear stress.
Among these, cyclic stretch is generated by the intravascular pressure and is primarily sensed by
the smooth muscle cells (SMC). In contrast, shear stress is a flow-induced frictional drag force
applied tangentially on endothelium and is mainly sensed by the endothelial cells. Both SMCs and
endothelial cells use mechanosensory molecules on their surface to sense the hemodynamic forces
and convert them into various cellular responses including modulation of gene expression and cell
function, a process referred to as mechanotransduction. Some known sensory molecules on
endothelial cells include ion channels, junctional proteins, receptor tyrosine kinases, membrane
lipid bilayers and specific CAMs such as platelet endothelial cell adhesion molecule-1 (PECAM-

1). In particular, ion channels are key sensory molecules that respond to shear stress by rapidly and
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strongly inducing the ionic flow. Among them, calcium channels are especially critical as they
respond to shear stress by rapid intracellular calcium influx. The elevated cytosolic calcium in
endothelial cells maintains homeostasis by inducing vasodilation via activating the release of nitric
oxide and relaxation of smooth muscle cells. Additionally, the intracellular Ca®" influx stimulates
the hyperpolarization of endothelium by opening calcium-activated potassium channels, followed
by hyperpolarization of smooth muscle cells through the gap junctions. Notably, shear-induced
adenosine triphosphate (ATP) release is involved in initiating intracellular Ca*" influx. Studies
have shown that intracellular Ca>" influx is activated through either ATP-sensitive cation channels
like P2X4 at low extracellular ATP concentrations or G-protein-coupled receptors like P2Y?2 at
high ATP concentrations[17]. In some pathological conditions such as atherosclerosis and solid
tumors, hemodynamic forces are altered due to the blood flow disturbance, followed by
mechanotransduction impairment. Defective mechanosensing can lead to disruption of vascular
integrity and remodelling. Additionally, it can influence vascular endothelial cells at a molecular
level by altering the production of reactive oxygen species, growth-promoting and growth-
inhibiting factors, pro-inflammatory cytokines, and modifying the expression of CAMs. Notably,
some critical CAMs involved in immune cell rolling and adhesion are strongly shear sensitive.
Accordingly, defective mechanotransduction in the tumor vasculature is an underlying cause of
impaired immune cell trafficking due to the reduced expression of CAMs on tumor vasculature.
Moreover, integrins on resting immune cells are in a low-affinity conformation for binding to
CAMs on endothelial cells, with the headpiece of integrin facing down. However, under
mechanical stretch, the integrin on immune cells unfolds and converts into a high affinity state for
its ligand, thus promoting adhesion to endothelial cells. Therefore, defective mechanotransduction
in tumor vasculature can negatively influence immune cell recruitment and trafficking through
reduced expression of CAMs on endothelial cells and decreased affinity of integrins on immune

cells.

Blood flow patterns vary across different anatomical sites throughout the circulatory system, which
can lead to varied molecular and cellular responses. The blood flow profile in the straight arterial
regions is laminar with a constant shear stress. It has been shown that laminar flow with high shear
stress results in an anti-inflammatory response, whereas low laminar shear stress triggers a pro-
inflammatory response. The shear-mediated inflammation activates as the mechanical signal is

sensed by PECAM-1 on endothelial cells, which creates a signalling complex with vascular
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endothelial cadherin (VE-cadherin) and vascular endothelial growth factor receptor 2 (VEGFR2).
The engagement of the PECAM-1/VE-cadherin/VEGFR2 complex results in the activation of
integrins and transient activation of nuclear factor kB (NF- kB) pathway. On the other hand, at the
vessel branch points and bifurcations, the blood flow is disturbed with varying shear stress. The
disturbed blood flow profile at the arterial branch points induces a pro-inflammatory response,
which is involved in the initiation and development of atherosclerosis. Additionally, the disturbed
blood flow exists at the tumor vasculature, due to the disorganized morphology of the vessels,

adding to the complexity of tumor.

1.8. Focused Ultrasound

Ultrasound refers to high-frequency sound waves above 20 kHz and has been extensively exploited
in medical imaging since the 1970s. The mechanism of ultrasound imaging relies on how
ultrasound waves interact with various body tissues. As ultrasound waves travel through the body,
they partially transmit deep in the tissue based on the tissue’s acoustic properties and partially
reflect back to the transducer as echoes[18]. The strength of return ultrasound signals depends on
acoustic impedance, a property of the tissue which depend on the tissue density and resistance to
sound propagation. The resolution of ultrasound imaging is also influenced by the characteristics
of the transducer, including size, frequency, and bandwidth. Frequency is a critical factor in
imaging resolution, as the ultrasound waves with higher frequency have more series of
compression and rarefaction over a given distance, which leads to higher image resolution.
However, when the ultrasound beam propagates through the body, the ultrasound energy declines
due to attenuation, resulting in a decrease in the center frequency of ultrasound. Since attenuation
elevates with tissue depth and ultrasound frequency, thus for imaging of deeper tissues, lower
center frequencies around 2-5 MHz are commonly employed[19]. Beyond imaging, the therapeutic
applications of ultrasound have been widely investigated. Ultrasound applies its biological effects
through either thermal or mechanical mechanisms. The first efforts to exploit the thermal effects
of ultrasound for therapeutic applications go back to 1962, when high-intensity ultrasound was
utilized to induce thermo-ablation via a cranial window[6]. More recently, there has been growing
interest in leveraging low-intensity focused ultrasound for therapeutic applications. The following

section will provide a more detailed description of these therapeutic methods.
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1.9. Ultrasound Contrast Agents

Ultrasound contrast agents, known as microbubbles, are polydisperse spheres with a size of 1-5
um, composed of a low water-solubility gas core, which is encapsulated in a thin shell of lipid,
polymer or protein. Microbubble's stability primarily depends on its gas core solubility, shell
composition, and bubble size. The first generation of microbubbles, including Albunex and
Quantison, were comprised of serum albumin shells encapsulating an air-filled core. However,
these agents had significant challenges, including short longevity of the air-filled core due to rapid
air diffusion in the surrounding liquid and poor scattering properties of rigid albumin shell. To
address these challenges, the second generation of microbubbles, including Definity, SonoVue and
Sonazoid, were developed. These microbubbles comprise flexible lipid shells, encapsulating high
molecular weight gases, such as perfluorocarbon or sulfur hexafluoride, which significantly
enhance their stability in the bloodstream[20]. Microbubbles were initially used as diagnostic
contrast agents to improve the resolution of ultrasound imaging. They have long been exploited
for diagnosing and assessing cardiovascular diseases such as atherosclerosis and stroke, in addition
to blood flow evaluation, especially in the microvasculature, where the blood flow is extremely
slow[21], [22]. Beyond the microbubble’s applications for diagnostics, these agents exhibit
promising therapeutic potential due to their innate ability to focus acoustic energy. The strong
scattering properties of microbubbles, which are derived by high differential impedance between
the microbubble gas core and the surrounding medium, are the key to their imaging applications.
Under acoustic exposure, the successive compression and expansion of microbubbles with each
pressure cycle magnifies their scattered signal, making them distinctive from the surrounding
tissue[20]. Ultrasound propagation within a liquid containing microbubbles induces periodic liquid
pressure changes, leading to pressure fluctuation within the microbubble's gas core. Given that
pressure within microbubbles is directly correlated with bubble size, gas molar ratio and absolute
temperature, any pressure fluctuations lead to changes in at least one of these factors. Due to the
high compressibility of the gas core, microbubbles respond to pressure changes with volumetric
oscillations under alternating positive and negative pressures of ultrasound waves. Their
oscillatory behaviour depends on their size, ultrasound amplitude and frequency, as well as
medium properties such as viscosity and interfacial tension. Under low-pressure amplitudes,
microbubbles compress and expand symmetrically with the sound waves, which leads to a nearly

sinusoidal bubble oscillation. When the acoustic pressure increases, the expansion magnitude
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elevates with the rhythm of the transmitted sound wave, whereas the compression remains limited
due to the restricted compressibility of the gas core. Consequently, under relatively higher
ultrasound pressures, microbubble oscillation becomes increasingly asymmetric, which can lead
to a faster bubble collapse. Microbubble oscillation behaviour under varying acoustic pressures
can be categorized as stable cavitation and inertial cavitation. Stable cavitation occurs under low
ultrasound pressures, with sustained volumetric oscillation of microbubbles over time. The stable
changes in the bubble radius can push and pull endothelial cell membranes, inducing
microstreaming by transferring momentum to the surrounding fluid. Microstreaming can apply
shear stress on the vascular wall and influence signalling pathways. Stable cavitation has been
widely explored for the transient and controlled opening of the BBB and localized therapeutic
displacement to facilitate drug delivery to the targeted locations. Conversely, above a certain
acoustic pressure, microbubbles undergo inertial cavitation, characterized by the highly non-linear
and unstable oscillation of microbubbles, with bubbles experiencing significant expansion over
time but limited compression. Therefore, intense oscillation of microbubbles triggers the bubble
collapse, which can induce shock waves, high-speed jets of fluid and large-magnitude shear
forces[23]. Inertial cavitation has been shown to increase cell membrane permeability and improve
therapeutic agent distribution and uptake. However, it carries a higher risk of damaging healthy
tissues through irreversible destruction of vascular walls, hemorrhage, oxidative stress and

inflammation.

Microbubbles cavitation can be monitored acoustically, as the vibrating microbubbles generate
acoustic signals depending on the ultrasound pressure, which can be exploited for tracking
microbubbles behaviour during ultrasound treatment[24]. Under stable cavitation, microbubbles
can emit higher harmonics, sub-harmonics, and ultra-harmonics of the transmitted frequency, with
the latter two being characterized as the hallmarks of stable cavitation. However, inertial cavitation
generates broadband noises, which span a wide range of ultrasound frequencies. Passive cavitation
detection monitors microbubble behaviour in real time and controls the treatment outcomes. It is
important to note that the safety of pre-clinical and clinical studies is regulated by a parameter
called mechanical index (MI), which relies on the peak negative pressure and center frequency of
the ultrasound wave. Given that the MI level is associated with microbubble behaviour and

stability, a range of 0.05 to 0.2 is FDA-approved for imaging applications in the presence of
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microbubbles. At the same time, any MI higher than 0.2 could lead to microbubble destruction

[25].

Beyond the cavitation dynamics, ultrasound radiation force can also influence microbubble
behaviour and treatment efficacy. Radiation force is the acoustic force applied on the
microbubbles, leading to their displacement in the direction of sound propagation. This
phenomenon could induce varying bioeffects as the primary radiation force could potentially direct
microbubbles toward the vascular wall. Furthermore, secondary radiation force can lead to
microbubble aggregation, which is influenced by multiple factors, including microbubble
concentration, vessel diameter, and acoustic parameters. Notably, ultrasound radiation force has
been shown to increase microbubble retention within the vasculature and improve localized drug
delivery[26]. Overall, the distinctive characteristics of microbubbles make them a promising tool

for therapeutic applications, which will be discussed in more detail in the following sections.

1.10. Low Intensity Focused Ultrasound

In 1994, low-intensity focused ultrasound received U.S. FDA approval for its healing effects on
fresh bone fractions[27]. Since then, low-intensity ultrasound has been increasingly utilized with
or without microbubbles to exert various therapeutic effects owing to its mechanical effects. The
common acoustic parameters for this treatment approach include 0.5-3 MHz frequency with short
pulses, 5-50% duty cycle, acoustic intensities of 0.02—1 W/cm?, and MI below 1.9[19]. The
therapeutic effects of low-intensity focused ultrasound predominantly rely on cavitation,
microstreaming and mechanical stimulation[27]. One of its major advantages is the ability of low-
intensity sound waves to pass through the intact skull and penetrate deep into the brain up to 10
cm beneath the cortex, which will be discussed in more detail in the following sections Thus, this
strategy has demonstrated great potential in targeting deep-seated brain tumors with millimetre
spatial precision, without significant energy loss and heating the skull. One of the most recent
applications of low-intensity ultrasound is sonodynamic therapy (SDT), a targeted and non-
invasive approach, which combines therapeutic ultrasound with systemically administered
sonosensitizers. In this approach, a systemically administered sonosensitizer such as 5-
aminolevulinic acid (5-ALA), a biocompatible and safe agent, selectively accumulates within the
tumor tissue. The tumor is then exposed to ultrasound with short pulses, which leads to temperature

and pressure elevation due to microbubble cavitation. This procedure induces the production of
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reactive oxygen species (ROS) from the tumor cells, which triggers a dual therapeutic effect by
localized eradication of tumor mass via direct cytotoxicity and promoting an anti-tumor immune
response by stimulating the release of pro-inflammatory cytokines. Additionally, low-intensity
focused ultrasound has gained attention in neuromodulation, where precise deposition of
ultrasound energy in the targeted brain regions can stimulate neural activity and motor function
[28]. Notably, for neuromodulation purposes, typically pulse-average intensities of <190 W/cm?
are used[29]. Focused ultrasound, beyond its applications as a standalone treatment, can be paired
with microbubbles for the BBB opening, which can facilitate drug delivery to the targeted
locations. In the following, some of the therapeutic applications of low-intensity focused

ultrasound will be discussed in more detail.

1.11. Ultrasound-mediated BBB Opening

As mentioned before, the highly restrictive nature of the BBB poses a significant challenge for
brain chemotherapy. To overcome this, various studies have explored BBB opening using different
strategies including therapeutic ultrasound. However, ultrasound application for brain diseases has
long been challenging primarily due to the strong scattering properties of the human skull. The
high intensity of the bone results in a strong reflection and attenuation (>90%) of ultrasound
energy. Additionally, the marrow-filled pores of the trabecular bone layer of the skull strongly
scatter the ultrasound beam, further necessitating craniectomy to enable the ultrasound beam to
propagate into the brain parenchyma. Attempts to develop strategies for employing transcranial
ultrasound through the intact skull date back to 1977, when the Fry brothers revealed that
ultrasound with frequencies below 1 MHz could cross the skull. Nevertheless, their efforts to
establish transcranial ultrasound failed due to the distortion of the sound waves by the human skull
and focal point shifting. To address this issue, Hynynen et al in 1998 explored the use of a
spherically curved transducer array, with a corrected phase algorithm to minimize the ultrasound
beam distortion[30]. The phased array transducer consists of multiple elements, each of which is
accurately controlled based on the individual’s skull properties to emit ultrasound waves with
correct frequencies, tailored to the varying thickness of the skull in different regions. To determine
skull’s properties, a computed tomography scan of the head will be performed and will be used to
fine-tune the driving element frequencies based on the regional skull thickness. For the safe and
precise delivery of ultrasound energy, the treatment outcome is closely monitored by employing

real-time MR thermometry to monitor the temperature, along with passive cavitation detection to
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track microbubble cavitation behaviour and prevent tissue damage[19], [31]. This innovation

facilitated the application of ultrasound for brain disorders.

In the initial attempts, both thermal and mechanical effects of ultrasound were exploited for the
BBB opening. However, the thermally induced tissue damage shifted the focus toward the
cavitation-based mechanisms as a safer strategy. While the mechanical effects of ultrasound
provided a more controllable and targeted approach for the BBB opening, it requires high
ultrasound energy to generate small bubbles within the tissue to serve as cavitation nuclei.
Deposition of high-energy ultrasound within the brain not only damages the brain tissue and causes
hemorrhage but also results in the skull heating. To address these issues, a study done by Hynynen
and his colleagues in 2001 suggested that the use of intravenously injected microbubbles can
significantly reduce the amount of required energy for the BBB opening, as these microbubbles
serve as cavitation nuclei. Their findings illustrated the possibility of safe and reversible opening
of the BBB using low-frequency ultrasound, which is marked as a turning point in the field of
therapeutic ultrasound for brain malignancies. Subsequent studies expanded this approach to
deliver a variety of small and large therapeutic molecules to the brain of rodents and non-human
primates. Notably, the safety of the BBB opening is directly related to ultrasound parameters such
as acoustic pressure, pulse duration, number of pulses and duty cycle. The underlying mechanism
of ultrasound-stimulated microbubbles in the BBB opening relies on mechanical forces induced
by oscillating microbubbles on the cerebrovascular endothelium[32]. Therefore, microbubble-
induced shear forces result in the local disruption of tight junctions between endothelial cells,
facilitating paracellular drug transport. Furthermore, ultrasound-induced microstreaming under
stable cavitation of microbubbles can transiently enhance the permeability of endothelial cells,
without permanent damage to the cerebral vessels. In addition to cavitation-assisted cellular
permeability, ultrasound may also enable Caveolae-mediated endocytosis, both of which facilitate
transcellular transport of chemotherapeutics across the BBB[31]. To ensure the safe opening of
BBB, real-time monitoring systems have been developed to distinguish stable from inertial
cavitation by detecting acoustic emissions. When broadband emissions are detected, as it is
indicative of inertial cavitation, the system acts as a feedback loop to adjust the acoustic pressure

or stop sonication to prevent tissue damage.

15



1.12. Ultrasound-mediated Drug and Gene Delivery

Conventional chemotherapies for solid tumors often require the administration of a high dose of
therapeutic agents; nevertheless, they commonly fail to deliver the chemotherapeutics specifically
to the targeted cells, resulting in systemic cytotoxicity. Additionally, the need for repeated
chemotherapy in high doses ultimately develops multiple drug resistance. Beyond the adverse
effects of systemic chemotherapy, its success is largely influenced by TME pathophysiology.
Among these, the abnormal and leaky tumor vasculature, in addition to defective lymphatic
drainage leads to high interstitial fluid pressure within the TME, thereby preventing the sufficient
uptake of therapeutic agents by the tumor cells[33]. Therefore, these challenges have led to the
emergence of various strategies over the years for efficient drug and gene delivery. Among
different approaches, therapeutic ultrasound has gained popularity to safely deliver
pharmacological agents to the targeted locations or replacing missing or defective genes in
abnormal cells. Notably, the underlying mechanism of ultrasound-mediated drug/gene delivery
relies on the acoustic intensity. Studies have shown that ultrasound pressure of less than 100 kPa
can derive the stable cavitation of administered microbubbles and facilitate drug delivery through
endocytosis. In contrast, ultrasound intensities of higher than 100 kPa transiently generate small
pores in the plasma membrane, leading to reversible cell permeabilization, a phenomenon known
as sonoporation. This process is facilitated by ultrasound-mediated cavitation effects either through
the formation of bubbles within the sonicated tissue or activating externally administered
microbubbles, the latter providing a safer and more efficient drug delivery approach as it reduces
the required ultrasound energy. Importantly, the intravenous nature of microbubbles allows them
to closely interact with vascular endothelial cells and facilitate drug extravasation from the
bloodstream[23]. In addition to the cavitation effects, oscillating microbubbles in an acoustic field
generate small currents of fluid around them, which further aid the entry of the therapeutic agents
into the targeted cells. Microbubbles can serve as vehicles for therapeutic agents, either by
encapsulating the drugs, when small quantities are sufficient for therapeutic effect, or by being
injected simultaneously with the drugs. This facilitates their entry into the cells or their passive
transport across the BBB. Although injected microbubbles circulate throughout the vascular
network, they will only be activated at the targeted tissue, where the focused ultrasound is applied,

which prevents any systemic side effects.
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1.13. Ultrasound-mediated Immunotherapy

Recently, immunotherapy strategies such as immune checkpoint inhibitors and monoclonal
antibodies have emerged as efficient strategies for the treatment of hematological malignancies.
However, their applications for solid tumors, in particular brain cancers, have remained
unsuccessful due to the presence of the BBB and TME. In this context, focused ultrasound has
emerged as a powerful approach to address the present obstacles for brain cancer immunotherapy.
The immune-boosting potential of ultrasound can be exploited by leveraging either its thermal or
mechanical effects. As discussed before, sonicating tumor tissue with high-intensity ultrasound
can induce hyperthermia, which potentially stimulates the anti-tumor immune response. One
immediate effect of hyperthermia is the release of tumor antigens which can activate dendritic
cells, followed by recruitment and activation of helper T cells. Furthermore, hyperthermia has been
found to balance the CD4/CD8 T cells ratio in the TME, further promoting an anti-tumor
environment. At higher ultrasound intensities, the temperature within the sonicated tissue exceeds
60°C, resulting in thermoablation. It has been shown that thermoablation promotes the anti-tumor
immunity through a distinct mechanism as compared to hyperthermia[34]. Thermoablation
mediates the tumor disruption, leading to a significant release of cellular debris, in addition to
damage-associated molecular patterns. Given the release of large amounts of debris during tumor
necrosis, thermoablation potentially activates both local and systemic immune responses.
Additionally, thermoablation was found to activate the dendritic cells more significantly and result
in stronger immunogenicity versus hyperthermia. Despite these differences, both hyperthermia and
thermoablation induce the secretion of IL-2, TNF-a and INF-9, all of which contribute to an anti-

tumor immune response.

Another mechanism by which ultrasound stimulates immunogenicity is through its mechanical
effects for regulating TME. Ultrasound-induced mechanical effects provide a precise and safe
strategy for eliciting an anti-tumor immune response without leading to coagulative thermal
damage. Various mechanical effects of ultrasound can be used to promote cancer immunity, with
ultrasound-stimulated microbubbles emerging as a promising strategy to boost immunogenicity
through cavitation effects. As previously mentioned, stable cavitation of microbubbles under low
ultrasound pressures can transiently open the BBB, which can facilitate the delivery of
immunotherapeutic agents to the brain parenchyma. Ultrasound-stimulated microbubble

destruction (USMD) is another promising strategy, that involves perfusing tumor vasculature with
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microbubbles, followed by delivering high-intensity ultrasound. Under this treatment regimen, the
violent oscillation of microbubbles results in the destruction of tumor vessels, considered a form
of physical anti-vascular therapy. The destruction of tumor vessels produces a significant mass of
cellular debris which stimulates the maturation of antigen-presenting cells (APC) and promotes
immune response. Additionally, USMD has been shown to upregulate TNF-a, which can promote
the release of proinflammatory cytokine and chemokines, and consequently enhance cytotoxic T

cell infiltration into the tumor site[34].

1.14. Overall Structure of Proposed Thesis

Given that focused US and microbubble treatment can both locally disrupt the BBB and have the
potential to alter the TME, our overall hypothesis is that US and microbubbles can be used to
locally enhance immune cell recruitment to tumor sites to improve the efficacy of cellular

immunotherapy.
1. To assess the effect of fluid flow dynamics on US-assisted endothelial permeability.

2. To investigate how endothelial preconditioning under varied flow patterns influences

microbubble-mediated endothelial cell permeabilization.

3. To examine whether US-stimulated microbubbles modulate CAM expression and endothelial

cell cytokine profile

4. To assess the effects of US on CAR-NK cell recruitment and trafficking in vitro.

18



2. Focused ultrasound assisted delivery of immunomodulating agents in brain
cancer: a review

Manuscript published as: Memari et al., Journal of Controlled Release (2024) discusses the
applications of therapeutic ultrasound in both molecular and cellular immunotherapy as a potential
strategy for the treatment of primary and metastatic brain malignancies. It also presents a summary

of pre-clinical and clinical studies, with a focus on glioblastoma and breast cancer brain metastasis.
Abstract:

Focused ultrasound (FUS) combined with intravascularly circulating microbubbles can transiently
increase the permeability of the blood-brain barrier (BBB) to enable targeted therapeutic delivery
to the brain, the clinical testing of which is currently underway in both adult and pediatric patients.
Aside from traditional cancer drugs, this technique is being extended to promote the delivery of
immunomodulating therapeutics to the brain, including antibodies, immune cells, and cytokines.
In this manner, FUS approaches are being explored as a tool to improve and amplify the
effectiveness of immunotherapy for both primary and metastatic brain cancer, a particularly
challenging solid tumor to treat. Here, we present an overview of the latest groundbreaking
research in FUS-assisted delivery of immunomodulating agents to the brain in pre-clinical models
of brain cancer and place it within the context of the current immunotherapy approaches. We
follow this up with a discussion on new developments and emerging strategies for this rapidly

evolving approach.

2.1. Introduction

As per the Canadian Cancer Society, 3200 Canadians were diagnosed with central nervous system
(CNS) malignancies, with an estimated 27 new primary brain tumors diagnosed every day in
2022[35]. While 85% of patients with a non-malignant brain tumor diagnosis survive 5 or more
years, the median survival of patients with malignant primary or secondary brain tumor is limited

to 12-14 months, despite aggressive treatments[36]. Primary and metastatic CNS tumors are quite
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distinct entities, but share some common treatment challenges (e.g. location in the brain). While
primary CNS tumors can originate from a variety of cell types including astrocytes, meningothelial
cells, ependymal cells, oligodendrocytes or neuroectoderm[37], the most common primary
malignant brain tumor is glioblastoma!, accounting for 80% in adults[39]. Glioblastoma originates
from astrocytes and mostly occurs in the cerebral hemispheres, but it can be found anywhere in
the CNS including the cerebellum, brain stem and spinal cord. Although it is highly infiltrative in
normal brain tissue, it rarely metastasizes outside the CNS[39]. It is one of the most aggressive
and difficult-to-treat brain cancers, with a 5-year survival rate of 5%[40]. In contrast, metastatic
tumors within the brain arise from a different primary site and account for one-fourth to one-half
of all intracranial tumors[41], affecting 8-10% of all cancer patients[42]. Common primary tumor
sites with frequent brain metastases include lung, breast, skin, kidney, and gastrointestinal
tract[41]. Lung cancer, which is the leading cause of death in both males and females in North
America[43], is the predominant source of brain metastasis (accounting for ~40-50%[42]), with a
median survival between 9-15 months[44]. Breast cancer, the second most common malignancy
in women globally with almost half of all patients developing metastasis[45], is the second main
cause of brain metastases[41] - especially breast cancer with human epidermal growth factor
receptor 2 (HER2) amplifications. A recent study has shown that 25% of patients with advanced
breast cancer are likely to develop brain metastasis, mostly in the cerebellum, with a median

overall survival of 4 to 25 months after this occurs[46].

While the specific treatment protocol for the particular type of cancer within the brain will depend
on a variety of factors (e.g. pathology, location, size, patient preference, etc.), a commonality is
that they all require a multidisciplinary approach. In high-grade gliomas, such as glioblastoma,
maximal safe resection is the goal but complete microscopic resection of the tumor is probably
never achieved due to the infiltrative and diffuse nature of the tumor. Indeed, even with gross total
resection, the vast majority of glioblastomas recur locally, usually within a couple of centimeters
from the resection margins[47]. For more than four decades, postoperative radiotherapy has also
been part of the standard treatment strategy for these patients[48]. The seminal work by Stupp et
al.[36] provided evidence that combining radiotherapy (RT) with concurrent temozolomide (TMZ)

chemotherapy after resection significantly increased 2-year survival rates compared to surgery and

" Defined here prior to the 2021 update to the WHO classification of tumors[38]
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RT (26.5% versus 10.4%). As a result of this work, the current standard of care for high-grade
gliomas consists of maximal safe surgical resection, 60 Gy in 30 fractions of radiotherapy plus
concomitant daily temozolomide, followed by six cycles of adjuvant TMZ, resulting in a mean
survival for these patients of 14.6 months[49]. In contrast, brain metastases, such as those from
breast cancer, non-small cell lung cancer, and melanoma, are treated with a number of situation-
specific approaches including surgery, stereotactic radiosurgery, whole-brain radiation, and in

some cases, chemotherapy; or most often, a combination of these therapies.

Given the rather bleak best-case scenarios, alternative therapies for patients with primary or
secondary brain cancers are currently being actively investigated. One such exciting approach is
immunotherapy, i.e. activating or supplementing the immune system for therapeutic benefit against
cancer. Immunotherapy strategies such as the use of monoclonal antibodies, both against
neoantigens and as immune checkpoint inhibitors, and adoptive transfer of engineered chimeric
antigen receptor (CAR) T or NK cells (i.e. a type of cellular immunotherapy) are rapidly expanding
approaches with considerable potential to transform cancer therapy. Several checkpoint inhibitors
have now been adapted into mainstream use in a number of solid malignancies including
breast[50], lung[51], and melanoma[52]. However, the extension of many of these immunotherapy
strategies to intracranial tumors has been challenging and the results much less favourable, due in
part to the relative impediment of the blood-brain-barrier (BBB) — which restricts systemic agents
from reaching the brain parenchyma — and the hostile tumor microenvironment (TME) — which

generates an anti-immune, pro-tumor physiological milieu.

Focused ultrasound (FUS) offers a promising solution to this, as it is a non-invasive, radiation-free
therapeutic technique that directs acoustic energy deep within the body. In combination with
microbubbles, which are typically employed as contrast imaging agents[53], FUS can be made to
induce local immunomodulating bioeffects within target tissues; including the modulation of Ca**
signalling[54], influencing pro-inflammatory signalling[55], [56], and eliciting transcriptional
changes[57]. However, a more established technique is that of microbubble-mediated MR-guided
FUS as a tool to reversibly permeate the BBB, allowing for targeted accumulation of otherwise
ineffective therapeutic agents in the brain[58], [59], [60], [61]. Recently, there has been exciting

pre-clinical work demonstrating this approach towards the delivery of immunomodulating agents;

defined here as cells or proteins that are directly involved in immunotherapies and/or target an
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immune pathway. Here, we first provide the salient context for current cancer immunotherapy
approaches and challenges, specific to glioblastoma, followed by a brief description of FUS and
its mechanisms of action. Next, we review the literature demonstrating FUS-assisted local delivery
of immunomodulating agents using pre-clinical models of brain cancer; either glioblastoma or
metastatic (e.g. breast or lung). Finally, we discuss future perspectives on this active and rapidly

evolving field.

2.2. Immunotherapy

Immunotherapy consists of treatments that are designed to specifically revive, initiate or
supplement antitumor immune responses. While not a new concept, it has re-emerged at the
forefront of cancer therapy due to ongoing advancements in fundamental immunology. Perhaps
one of the earliest techniques, monoclonal antibodies (mAbs) have long been employed to
selectively bind to malignant cells, primarily directed against tumor-specific surface molecules.
Since the FDA approval of rituximab in 1997, which targets CD20 in non-Hodgkin’s lymphoma,
over 30 anti-cancer mAbs have been approved for cancer treatment[62], typically targeting
hematological cancers. Monoclonal antibodies can be deployed in cancer therapy to elicit very
targeted responses through several mechanisms including blocking vital cell signalling pathways,
but also by directly triggering many immune responses, including complement activation,
opsonization, and antibody-dependent cellular toxicity (NK cell activation). More recently, based
off pioneering work by Leach et al.[63], a new class of mAb therapy has emerged that relies on an
entirely different immunological mechanism. Immune checkpoint therapy, which targets
regulatory pathways in T cells to enhance cytotoxic T populations or inhibit tumor-mediated T cell

killing, was first FDA approved in 2011 (ipilimumab, which targets CTLA-4)[64].

Another exciting form of immunotherapy is adoptive cell transfer (ACT), which is a rapidly
growing area of clinical investigation. This involves harvesting a patient’s (or donor’s) immune
cells (often T cells), growing or modifying them in culture, and reinfusing them back into the
patient. The first type of ACT therapy is to isolate tumor-infiltrating lymphocytes (TILs) from the
peripheral blood, lymph nodes and solid tumors. The concept here is to allow the expansion of
TILs away from the suppressive tumor microenvironment. First performed with adjuvant IL-2 in
melanoma patients over four decades ago[65], there are currently several ongoing clinical trials

using TILs towards other solid cancer types, including head and neck cancer (NCT03991741),
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non-small cell lung cancer (NCT03645928), ovarian cancer (NCT03610490), cervical carcinoma
(NCT03108495) and sarcoma (NCT04052334).

As a natural extension of TILs, T-cell receptor (TCR)-engineered T cells (and NK cells) is another
approach to ACT, in which gene transfer technology is applied to ex-vivo lymphocytes to generate
cells with transgenic TCRs or CARs that target molecules expressed on malignant cells— a strategy
that has become commercialized. While both these approaches consist of genetic modification of
T cells, CAR T cells overcome some of the earlier limitations of engineered TCR T cells, such as
the need for major histocompatibility complex (MHC) expression and co-stimulation — the details
of which are excellently outlined in a recent review article by June and colleagues[66]. CAR cell
therapy has found tremendous success in B cell malignancies, particularly those targeted to CD19.
Indeed, CD19 is a cell surface marker on B cells that is highly expressed in B cell malignancies,
required for normal B cell development and is not expressed outside of the B cell lineage. Since
the first CARs were approved by the FDA in 2017, there are now six approved CAR T cell
therapies, the majority of which target CD19[67], and have shown excellent results in patients with
follicular lymphoma[68], diffuse large B cell lymphoma[69], mantle-cell lympohoma[70],
indolent non-Hodgkin lymphoma[71] and multiple myeloma[72]. Aside from these, there are
numerous ongoing clinical trials that are continuing in the field of hematologic malignancies, and

more recently, into the arena of solid tumors[73].

2.2.1. The Challenges of Immunotherapy for Glioblastoma

Despite the accumulating successes of immunotherapies in treating extra-cranial cancers,
treatment of brain cancers with this approach still remains challenging. Immune checkpoint
inhibitors, for example, have shown successful outcomes in a variety of solid tumor contexts[74],
[75]. The seven currently FDA-approved agents, either as a monotherapy or in combination, have
over 50 indications[76], spanning metastatic melanoma[74], [77], non—small cell lung cancer[78],
[79], extensive stage small cell lung cancer[80], [81], bladder cancer[82], renal cell carcinoma[83],
hepatocellular carcinoma[84], mesothelioma[85], and colorectal cancer[86]. Despite this
tremendous progress, checkpoint inhibition has not yet resulted in improved clinical outcomes in
cohorts of glioblastoma patients[87]. Although numerous studies have shown pre-clinical success
in glioblastoma rodent models[88], [89], recent controlled phase III trials assessing nivolumab

(anti-PD-1) have failed to demonstrate a survival advantage in glioblastoma patients. In the
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CheckMate 143 trial[90], the first large randomized clinical trial investigating the inhibition of the
PD pathway in glioblastoma, nivolumab failed to prolong overall survival in patients with
recurrent glioblastoma as compared to bevacizumab control patients. Subsequently, the Checkmate
498 trial[91] focused on patients with newly diagnosed glioblastoma with an unmethylated MGMT
promoter. This was in part motivated by the fact that TMZ treatment is less effective in
unmethylated MGMT glioblastoma patients; silencing of the MGMT gene by promoter
methylation decreases MGMT expression which compromises DNA repair and confers
chemosensitivity to drugs like TMZ[92]. The primary endpoint of improved overall survival using
a combination of nivolumab and RT was not met; indeed, the median overall survival in this group
was 13.4 months compared to 14.9 months with TMZ and RT. In the CheckMate 548[93] trial,
newly diagnosed glioblastoma patients receiving nivolumab + RT + TMZ compared with RT +
TMZ demonstrated comparable median overall survival rates of 28.9 months versus 32.1 months,
respectively. Despite these negative large-scale trials, there have been numerous case reports
suggesting specific patient subgroups may have prolonged survival under immune checkpoint
inhibitor therapy[94], [95], [96], [97], and this is an active and enthusiastic area of ongoing
research[87].

In addition to checkpoint inhibitor therapies, there are several ongoing clinical trials using CAR T
cell and CAR NK cell therapy for the treatment of glioblastoma, targeted towards one of three
antigens: EGFRVIII, human epidermal growth factor receptor 2 (HER2) and IL-13 receptor a2 (IL-
13Ra2)[98], [99], [100], [101]. While demonstrating exciting preliminary results, including
feasibility and safety, significant hurdles remain that are specific to glioblastoma, including
heterogenous expression of target antigens in tumor cells and a compensatory immunosuppressive
response[102]. In fact, the efficacy of immunotherapy in general for the treatment of malignant
tumors situated in the brain is limited due to two major challenges, including the requirement to
cross the BBB and the requirement to overcome the immunosuppressive nature of the TME. These
two major hurdles will be briefly discussed in the next sub-sections — but for a more comprehensive
review on the cell biology and immunology of either of these subjects, the reader is referred to

recent review articles on these matters[103], [104].
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2.2.1.1. Blood-Brain Barrier

The BBB is a complex structure that regulates molecular transport into the brain. It is composed
of a monolayer of endothelial cells lining the cerebrovascular walls, supported by vascular
pericytes and astrocytes[105]. Endothelial cells lining the BBB are tightly connected to one
another through transmembrane protein complexes called tight junctions, consisting of junctional
adhesion molecule-1, claudin and occludin, as well as adherens junctions and gap junctions. The
BBB restricts the paracellular transports of macromolecules mainly through junctional complexes,
with the exception of lipophilic molecules which move across the BBB paracellularly by
dissolving in the endothelial cell plasma membranes. Furthermore, small water-soluble molecules
can diffuse into the brain transcellularly by diffusing through tight junctions, whereas endothelial
cells restrict the trans-cytoplasmic transport of other molecules by means of low pinocytotic
activity and the expression of efflux transporters including p-glycoproteins and multi-drug
resistance related proteins[106]. However, most macromolecules and vital substances require
transcytosis, carrier-dependent, or receptor-mediated transport mechanisms to be able to pass
through BBB. Essential nutrients such as glucose and amino acids bind the transport proteins,
leading to the conformational changes that facilitate the transportation through the membrane, with
or without ATP, based on the concentration gradient [107]. Conversely, the selective uptake of
macromolecules such as growth factors, enzymes, and plasma proteins occurs through receptor-
mediated transcytosis. Additionally, positively charged substances such as cationic proteins and
cell-penetrating peptides interact with the negatively charged plasma membranes, which facilitates
their passage across the BBB through the adsorptive-mediated transcytosis[108]. Distinctive
biological features of BBB prevent the passage of most therapeutic agents, except drugs that meet
specific criteria including a molecular weight of less than 400 Da, and low hydrogen binding which
results in high lipid solubility [107], [108]. In progressing glioma, BBB integrity is
heterogeneously disrupted, forming what is known as the blood-tumor barrier (BTB)[109]. The
intricate structure of the BTB is mediated by various factors, among which the overexpression of
vascular endothelial growth factor (VEGF) plays a crucial role[110]. The increased level of VEGF
results in the breakdown of intercellular junctions between brain endothelial cells (BEC)[111].
Additionally, the glioma microenvironment introduces proinflammatory cytokines which mediate
the downregulation of tight junction proteins in cerebral capillaries, ultimately disrupting the

integrity of cerebrovascular endothelium[112]. Another significant element is increased

25



mitochondrial oxidative stress resulting from mitochondrial dysfunction in the BEC. The excessive
production of reactive nitrogen (RNS) and oxygen species (ROS) within the glioma TME disturbs
the vascular tone by impacting the level and localization of tight junction proteins[113], [114].
Oxidative stress also indirectly activates matrix metalloproteinases (MMPs) which increase
endothelium permeability through the degradation of basement membrane proteins and
disturbance of tight junction assembly[ 113]. Despite the higher permeability of BTB, the passage
of therapeutic agents across this barrier is challenging due to various factors, one of which is the
heterogeneous disruption of glioma BTB[109]. Notably, the necrotic core of glioma experiences
poor blood flow and inconsistent oxygen supply, leading to hypoxia. This, in turn, induces the
release of VEGF, resulting in enhanced permeability of the central tumor vasculature[115]. In
contrast, the peripheral regions of glioma tumor, which experience less hypoxia, largely maintain
the integrity of cerebral microvasculature[116]. Adding to the complexity, glioma cells originating
from the tumor periphery invade the cerebral parenchyma, where a tightly regulated BBB exists.
Furthermore, the peripheral tumor microvasculature exhibits an upregulation of efflux
transporters, predominantly p-glycoproteins, further restricting the delivery of chemotherapeutics

to the cancer cells, and contributing to GBM chemoresistance[117].

2.2.1.2. Tumor Microenvironment

Aggressive tumors, including GBM, modify their microenvironment to favor the development of
tumorigenic properties, including cell migration and invasion. Within GBM, the intricate TME is
composed of cellular (e.g. glioblastoma stem-like cells, endothelial cells, microglia, tumor
infiltrating lymphocytes and macrophages) and non-cellular (e.g. extracellular matrix, hypoxia (<
10 mmHg), acidity (pH 6.5-6.8)) features. GBM stem-like cells, which demonstrate self-renewal
and differentiation[118], [119], are thought to drive pharmacological, surgical and radiological
resistance[120], [121]. Tumor-associated macrophages (e.g. resident microglia, infiltrating
macrophages), which make up a large portion of the glioma microenvironment[122] — become
polarized towards a pro-tumorigenic phenotype (e.g. via glioma-releasing colony-stimulating-
factor CSF1) and can thus release growth factors (e.g. epidermal growth factor) to promote tumor
progression[ 123]. Indeed, these macrophages can also produce anti-inflammatory cytokines (IL-
4, 1L-10, TGF-B), tumor-promoting factors (e.g. PDGF), activate immune checkpoints (e.g.
expressing PD-L1), and promote angiogenesis (VEGF, IL-8)[124]. The TME is also characterized

in part by cytokine dysfunction, where tumor cells can secrete immunosuppressive cytokines (e.g.
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TGF-B, IL-10) to drive a Th2 response and recruit regulatory T cells (T¢45) that further amplify
the suppressive response[125], [126]. Further, GBMs are poorly infiltrated by T and NK cells, and
thus only constitute a small fraction of within tumor immune cells[127]. Even when present within
the GBM TME, CD8+ and CD4+ T cells are typically dysfunctional as a result of anergy and/or
exhaustion[128]. Regulatory T cells present within GBM suppress the function of antigen-
presenting cells (APCs), and inhibit the proliferation and effector function capabilities of T cells.
Moreover, GBM are highly vascularized tumors and thus endothelial cells are an active component
of GBM development. In addition to cells within the hypoxic environment (typically at the
peripheral of the necrotic core) secreting pro-angiogenic markers (e.g. VEGF), studies have shown
transdifferentiation of glioblastoma stem-like cells into endothelial cells[129], in addition to
vascular mimicry[130] (i.e. glioblastoma cells that stimulate an endothelial phenotype), both of

which promote angiogenesis and invasiveness.

In addition to these, another escape mechanism of GBM tumor cells is the formation of a physical
barrier via the modulation of the extracellular matrix (ECM) (e.g. collagen, laminin). Infiltrative
tumor cells are capable of degrading and remodeling this extracellular space via MMP
release[131]. GBM tissue highly expresses MMP-2 and MMP-9, the concentration of which has
been linked to poor GBM patient prognosis[132], and GBM cells have been shown to modify other
components of the ECM as well[133], [134]. This ECM however does present a physical barrier
for T cell infiltration and, along with the modulation of the endothelial expression of important
adhesion molecules and integrins, immune cell recruitment within the GBM TME is severely

hindered[135].

2.3. Focused Ultrasound for Brain Therapy

Traditionally a diagnostic tool, medical ultrasound can be modified to elicit a high-intensity beam
within a small focal volume, while ensuring minimal energy deposition elsewhere — i.e. focused
ultrasound. Transcranial FUS therapy is made possible by the implementation of phased or
geometrically FUS arrays and the use of MRI guidance. With high-intensity focused ultrasound,
ultrasound absorption within the focal volume results in a local temperature elevation[136] which
can be monitored using MR thermometry[137]. Extreme temperature elevation can cause tissue
necrosis, the principle behind thermoablation approaches, and is currently FDA-approved for

thalamotomy for essential tremor (ET) and tremor-dominant PD (TDPD)[138]. Indeed, FUS has
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been shown to be able to selectively target different regions in the brain with submillimetre
accuracy — both surface and more deeply located regions[59]. Aside from these clinical
applications, ongoing clinical trials are examining the effectiveness of US-assisted thermoablation
in patients with obsessive-compulsive disorder[139], major depression[140], and chronic
pain[141]. Further, pre-clinical work has only begun to examine how the thermal effects of local
transcranial ultrasound deposition can be used as a tool to locally modulate the immune
environment, which highlights ultrasound-assisted release of damage-associated molecular

patterns and alteration of local gene expression patterns[142].

Aside from thermoablation, the other main application of transcranial therapeutic ultrasound, and
the subject of this review article, is in conjunction with clinically approved ultrasound contrast
agent microbubbles for the localized and reversable opening of the BBB[58], [59], [105], [143] —
see Figure 1. Microbubble agents are gas-filled bubbles that are encapsulated with a thin
biocompatible shell, ranging in size from about 1-5 um in diameter. As they are highly
compressible, they vibrate within the oscillating pressure of an ultrasound field, expanding and
contracting around their equilibrium radius, and re-radiate ultrasound energy to provide a
significant imaging signal boost to the vasculature to which they are confined[144]. Microbubble
vibrational physics can be broadly categorized into two regimes[145]. Under low to moderate
acoustic pressure, microbubble vibration exhibits a relatively low amplitude of deformation,
resulting in the generation of consistent harmonic content — termed stable cavitation (e.g. [146]).
Under more forceful driving conditions, bubbles can grow in size rapidly and subsequently
collapse due to the inertia of the surrounding fluid — termed inertial cavitation (e.g. [147]).
Ultrasound contrast imaging utilizes both of these characteristics depending on the application,
and microbubbles are currently clinically used with indications in cardiovascular applications and
radiology[53]. Under specific ultrasound settings, these bubble oscillations can elicit bioeffects
on the neighbouring microvascular walls that may result in endothelial perturbation[148],
enhanced intracellular and vascular permeability[54], [149], [150], and the disassembly of tight
junctions[151]. Numerous investigations have contributed towards a mechanistic understanding of
these bioeffects of both mechanical and biochemical origin. Both stable and inertial cavitation have
been shown to exert large-magnitude shear stress on neighbouring tissue, inducing direct
membrane permeabilization[150], [152], [153], [154]. Indeed, the formation of high-speed liquid

jets within the inertial cavitation regime[147], [155], [156] — a result of bubble involution — has
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been shown to disrupt membrane integrity and make play a role in microbubble-induced bioeftects.
Others have shown microbubble-induced biochemical effects, including the generation of reactive
oxygen species[157], induction of intracellular calcium signalling[54], [158], [159], [160], and
local ATP release[161], [162]. While ultrasound-mediated BBB opening has been demonstrated
without co-injection of microbubbles, the related bioeffects were unpredictable and varied[105].
Indeed, one of the advantages of using these exogenously administered microbubbles is that they
act as amplifiers and concentrate acoustic energy to the neighbouring vasculature, minimizing the
level of input acoustic energy that would otherwise be necessary and spatially localizing the
reversible opening. This exciting approach has been shown pre-clinically to feasibly deliver a wide
array of therapeutic payloads to the brain, see Table 1. With over two decades of promising pre-
clinical studies, clinical trials employing transcranial ultrasound-assisted BBB opening are
currently underway, examining the safety of this technique in the context of glioblastoma[163],

Alzheimer's disease[164], and amyotrophic lateral sclerosis (ALS)[165].

Since the first demonstration of MR-guided FUS as a tool for the reversible opening of the
BBB[60], there have been numerous investigations into the degree and extent of BBB opening,
including the effects of several factors including frequency, pressure amplitude[166], duration,
pulse length[167], and microbubble characteristics[168]. While MRI is the established method for
evaluating BBB opening post-treatment, there are several advances in monitoring microbubble
cavitation signals to provide real-time feedback[169]. Further, recent advances in engineering have
brought forth new and emerging transducer systems designed to generate FUS in conjunction with
contrast agent microbubbles for BBB opening, an overview of which has recently been
presented[170]. Here, we focus on reviewing the investigations into the FUS assisted delivery of
immunomodulating agents, either mAbs, immune cells, or immune-related cytokines for the

purpose of advancing brain cancer immunotherapy, a summary of which is presented in Table 2.

2.4. Focused ultrasound-assisted delivery of immunomodulating agents to
glioblastoma and metastatic brain tumors

2.4.1. Antibodies
While immunotherapeutic agents including monoclonal antibodies have a great potential for a
wide variety of malignancies, insufficient therapeutic delivery across BBB/BTB remains a

challenging obstacle. Therefore, frequent dosing is required, which has a high risk of
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immunogenicity and other side effects. Kinoshita et al.[171], [172] were the first to demonstrate
that FUS in combination with clinical microbubble contrast agent can be used to locally deliver
antibodies to the brain in a murine model. In a more recent study conducted on the glioma mouse
model, the combination of low-intensity pulsed ultrasound (LIPU)-mediated BBB disruption
(BBBD) with anti-PD-1 checkpoint inhibitor on the antibody delivery to the tumor was
investigated[173]. The results revealed an increase in the delivery of anti-PD-1 antibodies and an
improvement in the recruitment of peripheral APCs due to the release of tumor antigens[173]. In
addition, Arvanitis et al.[174] examined the FUS-mediated delivery of T-DM1, an antibody—drug
conjugate, into the brain microenvironment of an orthotopic xenograft model of HER2-positive
BCBM. The study demonstrated that FUS treatment, immediately following T-DMI
administration, improves the delivery of this agent to the tumor cells by increasing interstitial
convective transport and vascular barrier disruption. They showed that FUS-mediated BBB/BTB
disruption promotes hydraulic conductivity, followed by fast fluid flow into the interstitial space,
which leads to an enhanced T-DM1 delivery to the tumor site[174]. The relationship between
tumor interstitial fluid pressure (TIFP), hydraulic conductivity and blood vessel permeability is
well established. As such, the increased vascular permeability caused by FUS is likely the reason
for an increase in the interstitial hydraulic conductivity of therapeutic agents in the brain[175].
Separate investigations conducted on a rat model of HER2-positive MDA-MB-361 examined the
synergistic effect of trastuzumab and pertuzumab, two HER-2 targeting antibodies, with FUS-
mediated BBBD on antibody delivery into the brain[176]. They observed that the group receiving
antibody-only treatment for six weeks showed no inhibition of tumor growth. However, out of ten
treated animals, four that received a combination of six weekly antibody and FUS-mediated BBBD
treatments exhibited a substantial reduction in the tumor growth. The positive outcomes observed
in the group of responders were mainly due to FUS-induced BBB opening. This was evidenced by
the lack of impact on tumor growth in the antibody-only treatment group. However, the synergistic
effect of the treatment was limited to six weeks, after which the responders' tumor growth rate
returned to that of the non-treated groups. Regardless, the temporary slowing down of the tumor
growth led to an increase in the median survival of animals treated with a combination of FUS and
antibody as compared to the non-treated animals. These studies highlight the ability of FUS, when
used in combination with intravenously injected microbubbles, in the safe and local delivery of a

variety of high molecular weight antibodies to brain tumors by the transient opening of BBB/BTB.
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2.4.2. Cells

Despite the potential of T cells for immunotherapy, their anti-tumor immunity is limited due to the
specific characteristics of the TME such as hypoxia, rigid stroma and high interstitial fluid
pressure. Tumor-associated fibroblasts promote tumor progression by creating a dense network of
extracellular fibres around the tumor, preventing immune cells infiltration into the TME. The
hypoxic TME stimulates the production of immunosuppressive molecules that restricts the anti-
tumor function of immune cells including T cells, and has been correlated with downstream
induction of immunosuppressive regulatory T cells; Ty.4[177], [178]. Indeed, through production
of immunosuppressive cytokines (e.g. TGF-f, IL-10) thymic-differentiated and induced T4,
tumor-associated macrophages, and cancer cells can contribute to T cell exhaustion or dysfunction
—including causing impaired production of anti-tumor effector cytokines like IL-2, IFN-6, or TNF-
a. In a seminal study by Alkins et al.[179], it was demonstrated for the first time that systemic
injection of HER2-targeted NK-92 cells, which do not normally traffic in the CNS, followed by
BBB disruption using MRI-guided FUS led to a marked increase in the ratio of HER2-specific NK
cell: MDA-MB-231-HER2 cells in brain tumor-bearing rodents as compared to passive
administration of immune cells (see Figure 2). Likewise, this study confirmed the accumulation of
a sufficient density of NK cells in the tumor mass delivered with FUS, with preserved cytolytic
function, required for effective tumor cell lysis. Their follow-up paper demonstrated a 50% long-
term survival with MRI-guided FUS delivery of CAR NK-92 cells compared to NK cells
administered without FUS. Sabbagh et al.[173] investigated the synergistic effect of LIPU-induced
BBB disruption with the administration of genetically modified immune cells, either ffLuc-labeled
EGFRVIII-CAR T cells or CXCL10-secreting antigen-presenting cells (APC), to EGFRvIII-U87
and GL261-bearing glioma mouse models, respectively. This study found that LIPU monotherapy
had not influenced the expression profile of immune-related genes in the glioma microenvironment
of GL261 mice, neither had it prolonged their survival. This finding shows that while FUS-
mediated BBBD has the potential to trigger the release of tumor antigens and activate the
peripheral APCs, FUS bioeffects alone is not strong enough to elicit an anti-tumor immune
response. Alternatively, the trafficking of systemically administered ffLuc-labeled EGFRVIII-CAR
T cells without FUS sonication to the glioma microenvironment was investigated using
bioluminescence imaging. Interestingly, most of the administered CAR-T cells ended up in the

lung and liver, with a distribution of only a few cells in the brain. However, combining LIPU with
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CAR-T cells demonstrated a slight increase in the CAR-T cell trafficking into the brain 4 to 8 hours
post-sonication. Subsequently, there was considerable CAR T-cell infiltration in the brain tumor at
24- and 72-hours post-treatment, potentially due to an increase in antigen availability or the
recognition of tumor antigens. CAR-T cell delivery through LIPU also increased the median
survival by more than 129% as compared to systemic administration of CAR-T cells. In addition,
LIPU-induced BBBD facilitated the localized accumulation of CXCL10-secreting APCs in the
TME. This increase in the number of APCs within the glioma microenvironment, which secreted
chemokines that attracted T cells, transiently enhanced T cell infiltration at the tumor site.
Consequently, this resulted in a significant improvement in the overall survival of GL261 glioma-

bearing mice[173].

2.4.3. Immunomodulating molecules

Despite the potential of immune-triggering molecules, including interferons and interleukins, in
the activation of local immune response, their systemic administration can cause severe
cytotoxicity and autoimmune responses|[180]. In addition, delivery of peripherally administered
cytokines to the tumor tissue is more challenging in brain cancers due to the presence of BBB/BTB,
which can be circumvented by intratumoral injection; however, the relative invasiveness of this
approach restricts its applicability. In this regard, ultrasound-mediated BBB opening presents a
potential solution to optimize the local delivery of immunotherapeutic molecules into brain
tumors[181]. Furthermore, FUS-induced BBB opening can activate an anti-tumor immune
response and increase the recruitment of immune effector cells to the tumor site[180]. Chen et
al.[181] reported that systemic administration of IL-12, which has anti-angiogenic and anti-glioma
properties, increased the total population of tumor-infiltrating lymphocytes, however did not
impact tumor progression and animal survival. However, the combination of IL-12 administration
and FUS-induced BBB opening led to a significant reduction in the tumor volume as compared to

the non-treated group, followed by an improvement in the animal survival rate[181].

2.4.4. Clinical Trials

The supporting pre-clinical evidence outlined above has begun to translate into clinical trials,
specifically for the use of co-injected mAbs, and is summarized in Table 3. The clinical trial in
France (NCT04021420) employs the SonoCloud-9™ (Carthera, Paris, France), which is implanted

within the skull at the time of surgery and consists of a nine-element ultrasound array that is
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powered via a transcutaneous power supply. In this trial, BBB disruption in combination with
nivolumab injection (240mg over 30 minutes) is being examined in patients with brain metastases
from melanoma. The other ongoing trials use transcranial FUS devices, and one such trial
(NCT04446416 which incorporates the NaviFUS system from NaviFUS, Corp. Taipei, Taiwan) is
being used in conjunction with bevacizumab in patients with recurrent glioblastoma. The
remaining clinical trials employ the Exablate system (Insightec, Haifa, Israel), which consists of
1024 individually driven elements with independent phase and amplitude control, encased within
a 30-cm diameter hemispherical dome. These trials are examining the opening of the BBB with
this device in conjunction with mAb immunotherapy for patients with recurrent glioblastoma
(NCTO05879120), and brain metastases (NCT03714243, NCT05317858). For a more detailed
review of the clinical FUS devices used for targeted BBB opening, the reader is referred to a recent

review article on this subject matter[170].

2.5. Future Outlook and Conclusions

For over two decades, transcranial FUS in conjunction with intravascular microbubble contrast
agents has been shown an effective tool for targeted and reversible BBB opening and localized
deposition of otherwise impermeable macromolecules; clinical trials of which are ongoing in both
adult and pediatric patients. Continual improvements in cancer immunology, FUS systems and
image-guidance strategies, as well as acoustically-sensitive agents are driving this technology

towards GBM immunotherapy applications.

2.5.1. Consensus on Ultrasound and Microbubble Parameters

Broadly speaking, the sonication parameters employed for delivery of immunomodulating agents
via BBB opening (Table 2) are consistent with its other applications (Table 1). The FUS conditions
examined here range in frequency (0.22-1.64 MHz), peak negative pressure (< 1 MPa), burst
length (mostly 10 ms; 6.67-100 ms reported), pulse repetition frequency (1-5 Hz), duration (40 s
to 5 min.), microbubble composition (19 studies reported clinical, commercial agents; 2 reported
in-house agents) and microbubble administration route (bolus injections). While these parameters
have been shown effective, optimal conditions will depend on a range of factors. While most of
the studies examined here utilize clinical agents, microbubble composition and size distribution
can vary significantly between commercial agents[182], [183], as well as activation strategies of a

given agent[184], [185]. This is a key factor as the vibrational dynamics of microbubbles under an
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acoustic field are strongly influenced by bubble size and composition[20], [144], all other acoustic
parameters equal. Agents which possess a broader size distribution can be expected to elicit a wider
range of bioeffects, as bubble vibration physics plays a role in the magnitude of stress applied to
neighboring vasculature. To this end, there have been pre-clinical studies that have explored the
effect of bubble size on FUS-mediated BBB opening, generally concluding that larger
microbubbles elicit BBB opening at lower acoustic pressures[186], [187], [188], from which the
suggestion of microbubble gas volume as a unifying factor between agents as been put forth[189].
Moreover, as the frequency employed in BBB disruption for GBM is typically over a relatively
narrow and low range due to the intervening skull[ 190], there is some leeway in applied frequency
as aresult of the FUS instrument employed, generally ranging from 0.22-1 MHz for clinical GBM
trials[ 170]. Given the strong influence of frequency and transmit pressure on bubble response, the
mechanical index (MI), defined as the peak negative pressure in MPa divided by the square root
of the frequency in MHz[191], has been suggested as another unifying factor for BBB
opening[192], in this case collapsing the frequency and transmit pressure dimensions. In addition,
the optimal acoustic parameters will also depend on the molecular size of the desired
immunotherapeutic. Indeed, several studies have demonstrated that the size of BBB opening — as
measured with fluorescently labeled dextran - increases with increasing acoustic pressure; or
equivalently that the concentration of macromolecule delivery to the brain parenchyma is higher
for smaller sized agents at a given pressure[193], [194], [195]. However, this rather simple trend
i1s not necessarily observed with immunologically active agents (e.g. antibody isotypes[196],
[197]), which highlights the interplay between the physics and biology of BBB opening-mediated
delivery of immune agents. Indeed, the downstream biological response of and the resulting
immunomodulation of BBB opening[55], [56], [198], [199], [200], [201] in the context of GBM
will be an important avenue to thoroughly investigate in order to holistically assess consensus FUS

parameters.

2.5.2. Acoustic Monitoring of BBB opening

MRI is currently the modality used to monitor or assess the outcome of FUS procedures —
gadolinium-based T1-weighted sequences to confirm BBB permeability and both T2- and T2*-
weighted sequences to assess US-induced edema or hemorrhage, respectively. There is however
increasing interest in using the scattering properties of the microbubbles themselves as an indicator

of treatment outcome. This is primarily due to the real-time nature of their emissions, as well as
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the fact that it would obviate the need for repeated gadolinium injections for longitudinal studies,
which may come with increased risk to patients[202]. Microbubble-based monitoring relies on the
premise that the bubble spectral characteristics are indicative of the underlying bubble vibrational
physics, and thus remote detection of these oscillations can be exploited as a tool for therapy
guidance. In one such approach, bubble emissions are recorded passively during US treatment,
and numerous recent studies have reported correlations with bubble echo characteristics and the
extent of BBB opening/closing timescales and the presence of unwanted damage[203], [204],
[205]. Based on these initial studies, cavitation control algorithms have been developed and
employed as a real-time feedback tool to mitigate unwanted damage and ensure reliable and
repeated therapeutic delivery to the brain, typically involving the monitoring of wideband and
subharmonic bubble emissions[168], [206], [207], [208], [209]. Indeed, harmonic microbubble
emissions have been shown to correlate with controlled BBB opening, as quantified by
gadolinium-enhanced MRI signal[206], [210] and chemotherapeutic delivery[208]. In the context
of the delivery of immunomodulating agents, very recent and robust work conducted by Lee and
colleagues[211] employs a cavitation-based feedback mechanism reliant on the third harmonic
emissions from clinical Definity™ microbubbles (i.e. a component of its stable cavitation). In their
study, they show a direct correlation between the amount of anti-PDL1 antibody delivered to the
brain in a rodent GBM model and the third harmonic bubble emission dose. Additionally, the
cavitation-control/feedback technique was well correlated with cellular immunomodulation within
the TME, including high correlation with ICAM-1 and activated microglia (via IBA-1 staining).
As an extension to this, the use of multi-element passive US arrays enables both temporal and
spatial information regarding transcranial bubble activity[212], [213], which allows conformation
of the intended localization of the therapy and detection of any off-target bubble activity[214] and
is a rapidly evolving technology[169].

2.5.3. Targeting the GBM vascular compartment

Table 2 demonstrates that the majority of FUS-mediated delivery of immunological agents target
the immune checkpoint inhibitor axis. In addition to the immune cell components of the GBM
TME, endothelial cells play an active role in GBM progression vis-a-vis its role in angiogenesis
and vessel co-option. Indeed, there have been several clinical trials taking aim at angiogenesis in
GBM patients via the administration of anti-angiogenic agents, most of which target the VEGF

pathway[215], [216], [217]. While promising, anti-angiogenic therapy in GBM patients thus far
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has failed to show a survival benefit in randomized clinical trials[218]. To this end, alternative
mechanisms of vessel recruitment within GBM have been examined, including pre-clinical
investigations into the key molecular actors involved in communication between glioma and
endothelial cells. Angiopoietin-1 and -2 have been shown to regulate the crosstalk between these
two cell types[219], and endothelial release of bradykinin has been reported as a key
chemoattractant for glioma cells[220]. These studies and others that examine endothelial
expression profiles and secretomes (e.g. IL8[221]) as well as alternative pro-angiogenic pathways
driven by hypoxia (e.g. HGF, FGF)[222] within a GBM context suggest the expansion of
immunological payload delivery with FUS and microbubbles. As an aside, microbubble-based
approaches to both detect[223] and modulate angiogenesis[224] have a rich history, including
applications in oncology and cardiovascular disease. As microbubbles are intravascular agents,
targeted approaches towards the modulation of endothelial cell biology have also begun to be
explored[225], independently of GBM. In the same vein, while FUS-mediated delivery of
immunological agents has thus far very promising results (Table 2), extending the therapeutic
paradigm to targeting other angles of GBM including tumor-derived endothelial cells will further

contribute to the success of this new technique.

2.5.4. Focused ultrasound assisted immunotherapy: Alzheimer’s Disease (AD)

It is important to note here that FUS-assisted delivery of immunomodulating agents to the brain is
not limited to cancer applications. The prevalence of Alzheimer's disease (AD), which is the most
common form of dementia, is projected to double every 20 years, affecting nearly 130 million
people by 2050. AD is characterized by extracellular A deposits and intraneuronal Tau protein
aggregates, and most currently approved therapeutics do not target the underlying pathology. With
the recent regulatory approval of aducanumab in 2021, which targets the AP pathways,
immunotherapy development targeting both A and Tau for AD is on the rise[226]. However,
despite promising pre-clinical work, it has been met with limited success in large patient cohort

studies[227] — and one of the main challenges is mAb penetration through the BBB.

To this end, there have been exciting pre-clinical developments in using FUS-assisted opening of
the BBB to treat AD. In fact, simply opening the BBB without any extrinsic therapy has been
shown to ameliorate AD pathology and improve cognitive function in mice models[228], [229].

Further, in conjunction with mAb immunotherapies, this approach has shown the clearance of
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pathological proteins in the brain[230], [231], [232]. Based on this ongoing preclinical evidence,
there are numerous clinical trials assessing the safety of this approach in AD patients (e.g.
NCTO04118764, NCT03739905, NCT03671889, NCT02986932). For a more detailed overview of

this field, the reader is referred to recent reviews on the subject[233].

2.5.5. US-controllable immunotherapy using genetically engineered bacteria

While mostly demonstrated pre-clinically in extracranial tumors, bacterial-based targeted cancer
therapy is garnering renewed interest. Upon systemic administration, various types of non-
pathogenic bacteria have been shown to infiltrate and selectively replicate within solid tumors with
an accumulation over 10000-fold greater than within healthy tissue[234], in part due to the fact
that the tumor microenvironment creates a favorable niche for these selected bacteria to grow.
Given this intrinsic tumor targeting mechanism and due to the relative ease with which bacterial
genetics can be manipulated, several types of bacteria can be engineered to function as effective
cellular therapies for solid tumors — including those encoded to locally deliver small molecules,
pro-drug-converting enzymes, immunomodulators, and siRNA[235]. Incorporation of specific
promoter sequences upstream of therapeutic genes of interest has enabled the control of
transcription via external stimulus. With temperature sensitive transcriptional regulators, FUS can
be used to selectively activate bacterial gene expression[236], as it is well known that under
specific acoustic regimes, US can be used to cause local heating. Unlike the studies that have been
reviewed above, this strategy does not incorporate contrast agent microbubbles and in fact relies
on thermal, as opposed to mechanical, mechanisms of action. Recent work by Abedi and
colleagues[237] demonstrated genetic modification of E. coli Nissle 1917 in such a manner to
incorporate FUS activatable secretion of CTLA-4 and PD-L1 nanobodies (i.e. via a temperature
sensitive repressor). After systemic injection of these genetically-engineered bacteria, it was
demonstrated that the FUS activation results in signficant tumor suppression in a B cell lymphoma
murine cancer model. Further, using similar approaches, Chen and colleagues[238] engineered an
US responsive bacteria that can induce the expression of IFN-y, and confirmed controllable

increases in levels of anti-tumor activity within a breast cancer murine model.

2.5.6. Concluding Remarks
Focused ultrasound brain therapy offers a disruptive alternative or complement to surgery and

targeted drug therapies, with increasing clinical indications every year. Leveraging the initial
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successes of cancer immunotherapy, robust pre-clinical work has explored the delivery of
immunomodulating agents to the brain using microbubble-mediated BBB disruption; which has
begun to translate into clinical trials worldwide (Table 3). Indeed, in addition to the emerging and
exciting localized immune modulating effects of FUS and microbubbles alone, this technique can
serve as a powerful adjunct when paired with other immunomodulating agents that cannot readily
accumulate in the brain — including mAbs, immune cells and cytokines. At the current pace, FUS
will greatly contribute to the success of cancer immunotherapy towards otherwise difficult-to-treat

brain cancers like glioblastoma.

Table 2.1:Examples of agents that have been delivered to the brain parenchyma via focused

ultrasound blood-brain-barrier disruption.

Agent Category Examples Size Range
Chemotherapeutics Doxorubicin[239] < 1kDa
Liposomal Liposomal Doxorubicin[240] 75-125 nm
chemotherapeutics
Nanoparticle conjugated Cisplatin-conjugated gold nanoparticles[241] 5-300 nm
chemotherapeutics
Antibodies Herceptin[172], Amyloid-§ antibodies[228] ~50-150 kDa
Antibody drug conjugates | Ado-trastuzumab- emtansine (KADCYLA)[174] ~50-150 kDa
Naked plasmids Firefly luciferase gene (reporter gene)[242] ~kDa range
Viral vectors AAV9 encoding GFP[243] ~20-100 nm
Cells Neuronal stem cells[244], Natural killer (NK) ~5-20 pm
cells[179]

Table 2.2: Summary of the investigations using focused ultrasound to deliver immunomodulating

agents to the brain.

Authors Model/ Tumor Therapeutic Ultrasound Summary
Type agent/
Administration
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Antibody

Kinoshita Healthy mice | Anti-Dopamine 0.69 MHz, BBBD (confirmed with contrast
etal. D4 receptor/IV | 10ms bursts, | MRl and trypan blue post-
2006[171] 1Hz PRF, 40s | mortem) led to increased
duration, 0.6- | levels of antibody, confirmed
1.1 MPa. using IHC 3 hrs post
Optison™ (10 | sonication. Sonication under
or 50 pl 0.8 MPa yielded no or minimal
bolus). histological damage.
Kinoshita Healthy mice Herceptin 0.69 MHz, MRIgFUS for BBBD at 0.6 and
et al. (Trastuzumab) / | 10ms bursts, 1 | 0.8 MPa led to an increase in
2006b[245] v Hz PRF, 40s | Herceptin level in the targeted
duration, either | regions by 1,504 and 3,257 ng/g
0.6 or 0.8 of tissue, respectively. At higher
MPa. acoustic  pressure, minimal
Optison™ (50 | histological ~ changes  were
ul bolus). observed including red blood cell
extravasation and apoptotic cells,
which were not considered
serious.
Park et al. Nude rats / Trastuzumab / 0.69 MHz, The experiment involved
2012[246] HER2/neu- v 10ms bursts, 1 | administering Six weekly
positive human Hz PRF, 60s | sessions of MRIgFUS in
breast cancer duration, 0.69 | conjunction with trastuzumab.
model (BT474) MPa. Seven weeks post-treatment,
Definity™ (10 | animals treated with MRIgFUS
pl/kg bolus). | demonstrated a  significant
reduction in tumor growth
compared to those treated with
either FUS or trastuzumab alone,
as well as the control group.
Moreover, the combination
therapy extended the survival rate
of the animals by a minimum of
32% when compared to the
control.
Kobus et xenograft Trastuzumab 0.69 MHz, The study involved three
al. HER2-amplified | and Pertuzumab | 10ms burst, 1 | treatment groups: 1) control, 2)
2016[176] | brain metastasis /1V Hz PRF, 60s | six weekly administrations of
nude rats / 1) duration, 0.46- | antibodies, and 3) six weekly
MDA-MB-361- 0.62 MPa. sessions of antibodies combined
H2B-GFP Optison™ with FUS-BBBD. In the FUS +
model (100 ul/kg antibody group, four out of ten
2) BT-474- bolus). animals experienced a reduction
H2B-GFP in tumor growth that lasted up to
model six weeks post-treatment.

However, after six weeks, the
tumor growth rate returned to the
same level as the other groups.
Despite  this, the temporary
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reduction in tumor growth
increased the median survival of
responders as compared to the
control group.

Liuetal. | Nude mice U87 Bevacizumab 0.4 MHz, 10 | Applying acoustic pressures of
2016[247] | human glioma (Avastin) / IV ms bursts, 04 and 0.8 MPa led to a
PRF-1 Hz, 60s | significant increase of 5.73-fold
duration, 0.4- | and 56.77-fold, respectively, in
0.8 MPa. bevacizumab penetration into the
SonoVue™ | CNS. Furthermore, combination
(details not of 0.4 MPa sonication with
provided) bevacizumab resulted in 45%
reduction in tumor progression
and prolonged the survival by
2.35-fold as compared to the
control.
Healthy and An antibody— 1.025 MHz, | FUS significantly improved the
Arvanitis BCBM mouse drug conjugate 10ms bursts, | penetration of T-DM1 in the solid
et al. models / (T-DM1)/1V every 1 sec tumor by increasing interstitial
2018[174] xenograft for 2 min, 0.48 | convective transport and vascular
HER2-amplified MPa. barrier disruption. However, 5
brain metastasis Definity™ (20 | days  post-sonication,  the
model pl/kg bolus). | treatment  effect  gradually
decreased due to BBB resealing.
Brighi et | Patient-derived Radiolabelled 1.1 MHz, A correlation was found between
al. xenograft EphA2-4B3 10ms burst, | the extent of FUS-mediated BBB
2020[248] orthotopic antibody / IV every 2.5s for | opening (measured via MRI) and
mouse model of 2 min., 0.85 | antibody uptake (PET imaging),
high-grade MPa. while leaving untreated areas
glioma Definity™ | unaffected with minimal damage
(2% dilution | (histology).
infusion of 200
ul over 60s)
Ye et al. Healthy and Fluorescently 1.5 MHz, 0.43 | At 14 days post-implantation,
2021[249] intracranial labelled-anti- MPa, 6.7ms | anti-PD-L1 was administered
glioma mice / PD-L1/IN pulses, 5 Hz | either via intranasal (IN) or FUS-
GL261-eGFP PRF, 60s mediated IN delivery (FUSIN).
mouse glioma duration. Lipid | In both non-tumor and glioma
model bubbles (30 ul | mouse models, FUSIN resulted
at 8x108 in a 4.03-fold and 3.74-fold
bubbles/ml increase in the delivery efficiency
bolus) of anti-PD-L1 to the brainstem,

respectively, as compared to IN.
While IN delivery only allowed
distribution of anti-PD-L1 in the
perivascular  space, FUSIN
delivered antibodies also deep in
the brain parenchyma.
Additionally, in the FUSIN
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group, bound PD-L1 to tumor
cells was observed.

Sheybani | C57BL/6 mice Radiolabelled 1.14 MHz, This study demonstrates that the
et al. GL261 mouse | CD47 antibody / 0.5% duty timing of antibody injection with
2021[250] | glioma striatum v cycle, 2 min. | respect to FUS BBB opening is
treatment, 0.4 | critical, resulting in significant
MPa. Albumin | uptake when administered 15
bubbles (10° | min. post treatment, and none
bubbles/g when issued immediately prior to
bolus) FUS delivery (assayed using PET
imaging).
Sabbagh et | C57BL/6 mice, | Anti-PD-1/1V | 1 MHz, 25000 | Compared to untreated controls,
al. NSG mice / cycle pulses, 1 | anti-PD-1  concentration was
2021[173] GL261 Hz PRF, 120 s | increased in the brain following
Gliomas, EGFR duration, 0.3 | US. They examined the timing of
VII-U87 MPa. treatment with respect to tumor
Gliomas Lumason™ | progression. In both early and
(200 pl bolus) | late cases, median survival was
longer in the US+anti-PD-1
group compared to antibody
alone. Further, anti-PD-1
treatment with or without US
both resulted in mice that were
more resistant to tumor re-
challenge.
Meng et al. | Human patients In-BzDTPA- ExAblate The study found that MR-guided
2021[251] | with confirmed NLS- Neuro system | FUS-mediated BBB opening
HER2+ brain | trastuzumab / IV (220 kHz), enhanced the localized
cancer 0.74% duty | penetration of  radiolabeled
metastasis cycle, 8-19 W, | trastuzumab in patients with
(NCT03714243) 50 s duration. | Her2-positive breast cancer brain
106-178 metastasis without any serious
minutes total | adverse events. This treatment
treatment time | improved both early and delayed
per patient. drug uptake by the tumor
Definity™ compared to the unsonicated
(<20 pl/kg). | tumor. Additionally, the
treatment reduced tumor size by
an average of 19 + 12%.
Lee et al. C57BL/6 Anti-PD1/1V 1.64 MHz, 10 | They designed a closed-loop
2022[211] mice/GL261 ms pulses, 1 | controlled, MB-FUS system
GBM Hz PRF, 120 s | which can promote MB acoustic
duration, emission (AE)-dependent
variable ICAM-1 expression, and anti-
acoustic PD-1 delivery in mice. This
pressure. system enhanced the
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Definity™

colocalization of anti-PD-1 and

(100 pl/kg macrophages /microglia in the
bolus) TME by up to 5.5-fold compared
to the control. Moreover, at 12h
post-sonication, there was a
substantial increase in the
population of PD1+ CD8 T cells
within the TME, whereas no
difference was observed in the
similarly sonicated contralateral
hemisphere. Further, the
combination therapy led to a
subtle but significant
improvement in the animal
survival.
Ahmed et GL261 GBM | Anti-PD-L1/1V CarThera The combination of anti-PD-L1
al. mouse model transducer, 1 | with BBB  opening, in
2023[252] MHz, 0.3 MPa, | comparison to anti-PD-L1 alone,
25000 cycle | not only increased the activation
burst at 1 Hz | of microglia but also significantly
PRF, 120 s extended the overall survival of
duration. GBM-bearing  mice. PCR
Sonovue™ | analysis demonstrated that US-
(10ml/kg) BBBO led to the release of
circulating tumor DNA within 30
minutes following sonication.
Additionally, BBB opening
notably elevated the brain-to-
plasma ratio of Nivolumab, a
size-matched IgGl isoform, at
the 3, 24, and 48-hour marks after
sonication.
Fadera et Healthy pigs Anti-PD-L1/1V 15-element MRI verified BBB opening
al. annular-ring | without any notable edema or
2023[253] FUS hemorrhage. Additionally,
transducer, fluorescent imaging
0.65 MHz, 3 | demonstrated a 2.1-fold
MPa, 1Hz enhancement in the anti-PD-L1
PRF, 10ms delivery to the targeted regions.
pulse length, | Histological evaluation
3min confirmed the absence of
sonication. significant tissue damage
Definity™ (10 | associated to FUS.
ul/kg)
Porret etal. | Athymic nude | Cetuximab/IV | 1.5 MHz, 69% | Delivery = of  89Zr-labelled
2023[254] mice/ U251 duty cycle, cetuximab  (89Zr-CTX) to
cells 127s duration, | EGFR+ tumor cells improved
430 kPa, when combined with FUS
SonoVue™ | treatment. Longitudinal PET-
(100 pl bolus) | imaging revealed that FUS didn’t
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increased the accumulation of
CTX in the tumor as compared to
the control. FUS led to a maximal
activation of glial cells 48h post-
sonication, however the effect
was too transient to improve the
survival as compared to CTX
alone.

Cells
Burgess et Healthy rats Iron-labeled, 0.558 MHz, IHC showed successful
al. green 10ms bursts, 1 | MRIgFUS-mediated delivery of
2011[244] fluorescent Hz PRF, 120s | 32 + 8.7 stem cells per cm? of
protein (GFP)- | duration, 0.24 | brain region, as well as their
expressing MPa. differentiation to the neuronal
neural stem cells | Definity™ (0.2 | lineage. Additionally, expression
/ intracarotid mg/kg bolus) | of nestin and polysialic acid
indicated the survival of these
cells  post-implantation.  No
severe tissue damage was
observed.
Alkins et Nude Rats / HER2-specific | 0.551 MHz, 10 | BBBD using MRIgFUS in
al. Human HER2 | NK-92 zeta cells | ms pulses, I | combination with HER2-targeted
2013[179] | positive MDA- /1IV Hz PRF, 120 s | NK cells resulted in a significant
MB-231 model duration, 0.32— | rise in the ratio of HER2-specific
0.35 MPa. NK cell to MDA-MB-231-HER2
Definity™ (0.2 | cells within the tumor volume.
mg/kg infusion | Additionally, the preserved
over 1 min). | cytolytic function of NK-92 cells
was indicated by IHC.
Alkins et Athymic Nude | HER2-targeted | 0.551 MHz, 10 | Treatments including either FUS,
al. Rats / xenograft | NK-92 cells/IV | mspulses, 2 | targeted NK-92 cells, or
2016[255] | HER2-amplified Hz PRF, 120 s | FUS+NK-92 cells were delivered
brain metastasis duration, either twice per week for 4 weeks
acoustic or 5 treatments in the first week,
pressure followed by decreased number of
controller. treatments. High frequency of
Definity™ (0.2 | FUS+NK-92 cells delivery at the
mg/kg infusion | first week, when the tumor
over 1 min). | burden is small, showed a
significant decrease in tumor
progression, followed by survival
prolongation in some treated
animals.
Lee et al. Healthy Rats Mesenchymal | 0.515 MHz, 10 | FUS treatment along with an
2020[256] Stem Cells / IV | msburst, 1 Hz | MSC co-injection resulted in
PRF, 5min | approximately a 2-fold increase
duration, 0.25 | in MSC in the brain versus
MPa. untreated controls. Mechanistic
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Definity™ | studies point to increased
(details not expression of CAMs.
provided).

Sabbagh et | C57BL/6 mice, ffLuc-labeled 1 MHz, 25000 | This study showed a significant

al. NSG mice / EGFRVIII-CAR | cycle pulses, 1 | increase in  CAR  T-cell
2021[173] GL261 T cells, Hz PRF, 120 s | trafficking to the tumor site at 24-
Gliomas, EGFR CXCL10- duration, 0.3 | and 72-hours post-sonication,

VIII-U87 secreting APCs / MPa. resulting an improvement in the

Gliomas v Lumason™ | median survival. Furthermore,

(200 pl bolus) | the presence of LIPU+CXCL10-
secreting APCs contributed to an
increased recruitment of T cells
to the tumor site.

Immunomodulating Agents

Chen et Rats / C6 Interleukin-12 0.5 MHz, 100 | Animals were categorized in 4
al[181]. glioma (IL-12) / IP ms pulses. groups including 1) control 2) 3
PRF=1Hz, | FUS sessions 3) 5 days IL-12
90 s duration, | administration 4) 5 days IL-12 in
0.36-0.7 combination to 3 FUS sessions.
MPa. Systemic administration of [L-12
SonoVue™ | increased the total population of
(0.1mg/kg tumor-infiltrating lymphocytes,
bolus) while did not impact on tumor
progression and animal survival.
Nevertheless, the combination of
IL-12 administration and FUS-
induced BBB opening significant
reduced tumor volume as
compared to non-treated group,
followed by an improvement in
the animal survival rate.

1V: intravenous, PRF: pulse repetition frequency, IHC: immunohistochemistry, MRgFUS.: MR-

guided ultrasound, HER2: human epidermal growth factor, BCBM: breast cancer brain
metastasis, anti-PD-LI: anti-programmed cell death ligand, IN: intranasal, APC: antigen

presenting cells, MSC: Mesenchymal Stem Cells, IP: intraperitoneal

Table 2.3: Summary of the ongoing clinical trials using focused ultrasound to deliver

immunomodulating agents to the brain.

Location Patients Therapeutic ID Device Start / Estimated
Agent Completion Date
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Sunnybrook Metastatic Trastuzumab | NCT03714243 | ExAblate 2019-09-18/2022-
Research Her2-positive (Herceptin) 4000 Model 03-01
Institute breast cancer 2
(Toronto, with brain
Canada) metastases
St Louis Metastatic Nivolumab NCT04021420 | SonoCloud | 2019-10-24/2023-
Hospital Melanoma (OPDIVO™) 07-05
(Paris,
France)
Multi-center Metastatic Pembrolizumab | NCT05317858 Exablate 2022-08-12/
trial (USA Non-small (Keytruda™) Model 4000 2024-12-01
and Canada) cell lung Type 2
cancer
MD Recurrent Pembrolizumab | NCT05879120 Exablate 2023-07-30/
Anderson GBM (Keytruda™") Model 4000 2026-07-19
Cancer Type 2
Center
(Houston,
USA)
Linkou Recurrent Bevacizumab | NCT04446416 | NaviFUS 2020-07-21/
Chang Gung GBM 2023-08-04
Memorial
Hospital
(Taoyuan

City, Taiwan)
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Figure 2.1: Concept of focused ultrasound assisted delivery of immunomodulating agents. A. Schematic
view of focused ultrasound and intravascular microbubble interactions selectively targeted towards the
region of brain disease. Microbubble vibration can locally increase vascular permeability to allow passage
of otherwise impermeable immunomodulating agents (e.g. antibodies, cells, or cytokines). See text for
details. B. Ultrafast microscopy observations of a vibrating microbubble contrast agent. Microbubbles
expand and contract within an ultrasound field, and generate local shear stress on neighboring cells and
tissues. Scale bar is 5 micrometers. C) Real-time confocal microscopy sequence highlighting both the
temporary endothelial membrane (green) permeability (white arrow; red; surrogate macromolecule) and
intercellular permeability (white arrowheads denote opening and closing of cell-cell contacts). Figures

adapted from Helfield et al. PNAS 2016 with permission from the authors.
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Figure 2.1: Demonstration of MRI-guided focused US-mediated delivery of CAR NK-92 cells to the
brain in rodent metastatic brain tumor models. In panels A-D, SPIO labeled CAR NK-92 cells
expressing HER2 were injected either alone (Group 1), after FUS-mediated blood-brain-barrier opening
(BBBO; Group 2), or immediately before BBBO (Group 3). Panel A shows an axial T2*-weighted MR
image with the tumor identified in the left frontal striatum (white arrow) both pre and post-BBBO,
quantified for each of the groups in panel B (average =+ SEM). A negative change suggests the accumulation
of iron-labeled effector cells. There is a statistically significant change between groups 3 and 1. Panels C
and D confirm the accumulated presence of CAR NK-92 cells via histology, whereby CD45 and Prussian
blue are used to co-localize the iron-loaded NK-92 cells. Panels E and F highlight treatment efficacy of this
approach. Animals were treated 5 times in the first week, followed by twice in the second week and one
treatment the third week. Tumor volume is significantly smaller at day 30 for the US+cells treatment group
(E) compared to controls, and overall survival significantly improved for this group as well (F). Figures
adapted from Alkins et al. 2013 and Alkins et al. 2016 with permission from the author and publishing

groups.
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3. Fluid flow influences ultrasound-assisted endothelial membrane
permeabilization and calcium flux

Manuscript published as: Memari et al., Journal of Controlled Release (2023) develops a custom-
designed acoustically coupled microscopy system to explore the effects of flow dynamics on
ultrasound-mediated endothelial cell permeabilization and calcium influx in real-time. This study
further investigates the influence of multiple short pulses versus a single long pulse ultrasound on

ultrasound-assisted cell perforation.

3.1 Introduction

Ultrasound contrast agent consists of a suspension of encapsulated gas-filled microbubbles,
typically polydisperse and ranging in size from 1-8 um in diameter and coated with a compliant
biocompatible shell (e.g. phospholipid monolayer) [144]. Microbubbles, including commercially
available Definity™, are clinically available and employed in cardiovascular imaging (left
ventricular opacification) and recently approved for pediatric imaging [257]. As they remain
intravascular due to their size, microbubbles act as red blood cell tracers and significantly enhance
the ultrasound signal from within the vascular network [258]. Indeed, as microbubbles vibrate
within a focused ultrasound beam, there have been many investigations into their dynamics and
scattering behaviour, typically a function of intrinsic factors (e.g. bubble size [185], [259], shell

constituents [260]) and extrinsic factors (e.g. presence of nearby boundaries [261], [262]).

Aside from their diagnostic applications, there has been tremendous progress on using these agents
to elicit localized bio-effects; ranging from modulating vascular and cellular permeability [152],
[263], blood flow [162], local thermal absorption [264], clot lysis [265], cellular signaling [266],
[267] and neuromodulation [268]. Microbubbles can be made to vibrate with spatial (ultrasound
beam focusing, attachment of targeting ligands on the bubble surface [269]) and temporal
(ultrasound pulsing scheme) precision and in this sense, present a tremendous opportunity for site-
specific modulation of bio-activity. The expansion and contraction of the microbubble within an
acoustic field gives rise to local fluid streaming around the bubble [270], [271], resulting in shear
and circumferential stresses on the vascular wall [272], [273]. Of particular interest is the localized
enhanced cellular and vascular permeabilization for the purposes of targeted drug and/or gene
delivery. Ultrasound-mediated drug/gene delivery as a platform has seen recent success in many

applications. Under MRI guidance, focused ultrasound microbubble-mediated blood brain barrier
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opening [61], [274] has been shown to promote the delivery of many formats of molecular
therapeutics (e.g. chemotherapeutics [275], adeno-associated virus capsids [276], stem cells [244],
NK cells [179], antibodies [171], and cytokines [181]) to targeted regions of the brain that would
otherwise be incapable of transiting the cerebrovasculature. The pre-clinical success in this area
has led to numerous clinical trials worldwide for enhanced BBB permeability in a variety of
pathological contexts (e.g. glioblastoma, Alzheimer’s disease). Additionally, while still mostly in
the pre-clinical stages, microbubble-mediated therapy has also been shown to enhance drug/gene
deposition in non-brain models of cancer (e.g. breast [277], pancreatic [278], carcinomas [279]).
Aside from these neurological [280] and oncology-based [281] applications, another major area of
investigation is for cardiovascular disease therapy [282], where microbubble-mediated gene
therapy has shown promise in a variety of disease states, including cardiomyopathy [283],
myocardial infarction [284], ischemia [224], and coronary microembolization [265]. Most
recently, there has been a surge of interest in using this technique to modulate the local immune

environment for the purposes of immunotherapy [285], [286].

Central to the effectiveness of all of these approaches is the oscillation and translational dynamics
of microbubbles — particularly those behaviours that lead to the threshold level of stress required
to elicit sono-permeabilization [ 152]. While many investigations have examined salient ultrasound
and microbubble factors and how they relate to therapeutic efficiency [150], [154], [287], [288],
[289], [290], including transmit frequency, peak-negative pressure, sonication time, and
microbubble dose, relatively little is known about how the local fluid flow conditions alter
microbubble-mediated bio-effects. For a fixed bubble dose (i.e. inter-bubble spacing), ultrasound
focal volume, and treatment time, the number of microbubbles that interact with a given set of
endothelial cells increases with faster laminar flow. Further, the relative position between a given
microbubble and a neighboring cell, and the contact-time of their interaction, is a known factor in
the propensity to elicit transient membrane permeability [291]. Given all else equal, the spatial-

temporal flow dynamics will greatly affect the proximity of a microbubble to its nearest cell.

Indeed, as the applications of microbubble-mediated drug/gene delivery expand, so too do the local
fluid flow conditions under which the microbubbles are situated. In cancer therapy applications,
tumor blood vessels are known to be highly irregular in their architecture as compared to those in

healthy tissues: geometrically, tumor vessels are heterogeneous in their spatial distribution, dilated
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and tortuous; and functionally, the abnormal tumor vasculature is characterized by a large number
of fenestrae and irregular basement membranes. This elevated geometric and viscous vascular
resistance leads to comprised blood flow velocities [292], which can change as a function of tumor
type and state of progression [293] and are less dependent on tumor vessel diameter than within
healthy tissue. With respect to cardiovascular applications, the severity and extent of ischemia (one
of the more investigated cardiovascular applications of microbubble-mediated therapy [282]) will
dictate the resulting downstream flow velocity (e.g. [294]), with regions within the centre of the

infarcted area exhibiting lower flow than in the peripheral zones [295].

Here, we examine the effects of vascular flow on microbubble-mediated endothelial cell bioeffects
using a custom designed acoustically-coupled microscopy system. First, we examine how
microbubble velocity effects the propensity of ultrasound-assisted enhanced permeability. Second,
we investigate how modification of the ultrasound pulse sequence allows for more effective
endothelial cell treatment. Next, we explore how flow rate alters intracellular Ca*" delivery — a
ubiquitous secondary messenger - and its transmission to neighboring, untreated cells. Indeed, Ca*"
plays a pivotal role in living cells, with perhaps its most direct role here being its requirement for
plasma membrane repair [296]. However, both intracellular Ca®" transients and intercellular Ca**
communication are also well known regulators of many cellular processes, including gene
expression and transcriptional regulation [297], endothelial tight junctional contact regulation
[298], cell migration and shape [299], and cytokine release [300]. Further, it provides important
information on the spatial influence and temporal rate of ultrasound-microbubble treatment on
cellular processes. Finally, we discuss the implications of our findings towards modulation of

microbubble-assisted drug/gene therapy applications.

3.2. Materials and Methods
3.2.1. General Cell Culture

Due to the intravascular nature of microbubbles, we employed two human endothelial cells
models; human umbilical vein cells (HUVEC, C2519A; Lonza, Walkersville, MD, USA) and
human cerebral microvascular endothelial cells (HBEC-5i, CRL-3245TM; ATCC, Manassas, VA,
USA). All culture-ware used to culture HBEC-5i cells were first pre-coated with 1 ml gelatin
(0.1%; ATCC) per 10 cm? in a shaker incubator at 37°C for 60 minutes prior to use. Both cell types

were grown in T-75 flasks within an incubator maintained at 5% CO; at 37°C until 90%
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confluency. HUVECs were cultured in endothelial cell growth medium (EGM-2; CC3162, Lonza)
until reaching passage numbers between 3 and 9. HBEC-5i cells, an immortal cell line (SV40 large
T antigen transformation), were cultured in DMEM:F12 (Wisent, Canada) cell culture medium,
supplemented with 10% fetal bovine serum (FBS, Wisent) and 40 pg/ml endothelial growth
supplement (ECGS, ATCC). These cells were used for experiments up to passage 20 from thaw.
For either HUVECs or HBEC-5i cells, cells were seeded in collagen-iv-coated 0.8 mm flow
chamber slides (Ibidi, Grifelfing, Germany) with a 2.5 cm? growth area at an initial seeding density
of 120,000 cells/cm? two days prior to the experiments. Cell culture medium was replaced every

one or two days for cells cultured either in static or under flow conditions, respectively (see below).

3.2.2. Cell Culture Under Fluid Flow Conditions

To assess the effect of fluid flow conditions on ultrasound-mediated endothelial bioeffects, a
subgroup of each type of endothelial line was seeded within the 0.8 mm flow chamber, as above,
and placed in the incubator for 2 hours to allow cell adherence to the growth surface of p-slides.
After the culture media was replaced with fresh media, the slide was connected to the fluidic
system within the incubator. This system was mounted with a compatible perfusion set consisting
of air filters with 0.2 um pore size, 10 ml syringe reservoirs, 50 cm silicone tubing with an inner
diameter of 1.6 mm, an elbow luer connectors (yellow/green perfusion set, Ibidi, Gréfelfing,
Germany). Each reservoir was filled up with 6 ml of pre-warmed cell culture medium (i.e. either
EGM-2 for HUVEC or completed DMEM: F12 for HBEC-51) and the fluid unit was connected to
the ibidi pump system. The flow system was run with a gradient flow cycle, starting from a low
flow rate and increasing gradually up to a flow rate of 37 ml/min corresponding to a shear stress
of 9 dyn/cm?. This procedure allows cells to get used to the presence of fluid flow, without being
detached from the growth surface of the slides. Shear stress is automatically calculated by flow
software based on flow rate, cell culture medium viscosity, perfusion tubing diameter and flow

chamber height.

3.2.3. Microbubble Preparation

We synthesized an in-house phospholipid encapsulated agent using constituents that closely mirror
clinical available agent Definity™ (Lantheus Medical Imaging, North Billerica, MA, USA), see
Figure 1. These bubbles were fabricated using a lipid mixture including 1,2-dipalmitoyl-sn-

glycero-3-phosphoethanolamine-N- [methoxy (polyethylene glycol)-5000] (DPPE-PEGS5K, 16:0
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PEG5000 PE), 1,2-dipalmitoyl-sn-glycero-3-phosphate (DPPA, 16:0 PA), 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC, 16:0 PC) (Avanti Polar Lipids, Alabaster, AL). To prepare the
lipid solution, lipid components (0.82 DPPC: 0.1 DPPA: 0.08 DPPE-PEG5K) were dissolved in
pre-heated propylene glycol, followed by adding an appropriate amount of pre-heated glycerol.
The resulting mixture was placed in the water bath until most of the lipids were dissolved. In the
next step, phosphate-buffered saline (PBS) was added and kept in the heated water bath for 20
minutes. The final lipid solution with 1 mg/ml total lipid concentration was sonicated in a water
bath sonicator at 52°C until the solution was clear. Aliquots of lipid solution (1.5 ml) were added
to glass vials and the headspace replaced with octafluoropropane gas. The microbubbles were
activated at room temperature [184] with the Vialmix™ (Lantheus) for the standard 45s period and
allowed to cool back to room temperature prior to the experiments. Microbubble concentration
and size distribution were measured using a Coulter Counter (Multisizer 4e; Beckman Coulter).
Briefly, fresh room temperature agent was hand-mixed and an aliquot was extracted after a 2
minute decantation using a 19 G needle placed just above the rubber stopper (and another 19G for
venting purposes). Microbubbles were diluted 1000x in ISOTON II (Beckman Coulter) and
sampled using the 30 pm aperture, which enables an effective measurable size range of 0.6-18 um.
Microbubble concentration and size distribution were measured every 15 minutes for up to an
hour, and repeated in triplicate (see Fig 1), resulting in a native concentration of (5.46 + 0.49) x
10° microbubbles/ml and a bimodal volume peak distribution at (1.1 0.2) um and (4.9+ 0.3) pm.
Note that the bimodal nature of the volume-weighted peak distribution is characteristic of clinical
Definity™ agent [185], and that volume-weighted size distributions are typically used in this

context as it has been shown to correlate with microbubble acoustic activity [259], [301].

3.2.4. Fluorescent Markers

Propidium iodide (PI; 450 uM, P1304MP; Molecular Probes) was used as a real-time marker for
endothelial cell permeability. As a non-fluorescent, cell-impermeant compound, PI exhibits a
significant increase in fluorescence upon binding to RNA/DNA complexes (535/617 nm) — and
thus reports measurable signal within cells with increased membrane permeability, while excluded
from those cells that do not. Fluo-4AM (10 pM; F14201, Molecular Probes) is a cell permeant
compound that, upon entering a cell, is cleaved by intracellular esterases and remains within the
cell, exhibiting a 100x increase in fluorescence (495/516 nm) upon binding to calcium (Ca").

Given cytosolic baseline levels of Ca** (~100 nM), increases in intracellular Ca®>" were measured
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as a fractional increase in Fluo-4AM signal intensity, normalized to its level prior to ultrasound
delivery. Finally, Hoechst dye (Thermo Fisher) was used to stain cell nuclei at a 1:500 v/v dilution

for 10 minutes at 37°C, following by three washing steps.

3.2.5. Ultrasound Delivery and Experimental Protocol

The exposure platform in this study was an acoustically coupled inverted microscope (Ti2-A,
Nikon, Melville, New York, USA) which served to co-visualize the acoustic focus with the
microscope field of view. A custom-made support and coupling cone were designed to secure a
single-element ultrasound transducer with 1 MHz center frequency (unfocused, diameter 2a =12.7
mm; A303S-SU, Olympus, Waltham, MA, USA) at an angle of 45° to the normal in an attempt to
minimize reflections. The tip of the coupling cone was set at a 2 mm distance from the chamber’s

surface, with the transducer surface to sample monolayer surface distance at 27 mm. This was

chosen based off of the Rayleigh distance of this un-focused transducer (z = a’ / 1= 40'3/ 15 =
26.9 mm). Given this geometry, the projected acoustic beam-width BW at the surface of
microbubble-cell interaction is on the order of 1.4 Z’l/ 2a cos(8) ~ 3.5 mm [302]. The transducer

was driven by a signal generator (Tektronix, AFG31052 series, Chicago, USA), and amplified by
a 150 W power amplifier (Amplifier research, Model: 150A 100B, Mississauga, USA).

Flow chambers were connected to the fluidic system, filled up with pre-warmed cell culture
medium, and placed upon the inverted microscope. For all experiments, chambers were co-
perfused with a solution of phospholipid encapsulated microbubbles (diluted either 1:500 v/v or
1:1000) and PI as a membrane permeability tracer. From one to four locations of each chamber
were insonicated using a 1 MHz, 20 cycle pulse with a pulse repetition interval (PRI) of 1 ms. All
experiments were conducted within 8 minutes of microbubble dilution to minimize the effects of
both microbubble dissolution and appreciable bubble size distribution stratification due to
buoyancy. As the gravitational forces (g) are balanced by diameter and speed-dependent viscous
drag forces, we can employ Stoke’s equation for a sphere of radius r moving through a fluid to
estimate the timescale over which bubble floatation occurs [185]. The time t for a bubble to rise a
distance d is given by:

_ 9du, (1)
~ 2pgr?¥
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where y; is the fluid viscosity and p is the fluid density. For bubbles within the size range employed
here (Fig. 1), this results in a timescale from 30 s (8 um diameter bubble) to over 1500 s (1 um
diameter bubble).

The peak-negative pressure of the beam was measured at the region of interest in a separate water
tank using a hydrophone (Onda Corp., Sunnyvale, CA, USA, HGL-200) to be 305 kPa in free-
space. Acoustic measurements were also performed in the presence of the ibidi chambers used
here, resulting in a minor transmission loss of 5% (see Fig. 2). We acknowledge that, despite the
minimal transmission loss, the acoustic beam at the interface of the endothelial cell-cultureware
surface can be complex. The impact of our findings remains unaffected by this, as we are making
comparative measurements between systems under the same acoustic stimulus. Generally,
fluorescence microscopy videos were recorded for 90 s at a frame rate of 1 fps, starting 5-10 s
prior to ultrasound exposure in order to capture the salient effects before, during, and after
ultrasound delivery - including any prior fluorescent artefacts or dead cells prior to sonication. All
data analysis was performed using in-house software in MATLAB (The Mathworks Inc., Natick,
MA, USA).

3.2.6. The Effect of Fluid Flow on Ultrasound-mediated Cell Membrane
Permeabilization

We examined the effect of fluid flow conditions on membrane permeabilization a) during cell
culture and ) during ultrasound treatment. Both cell lines, either HUVEC or HBEC-5i, were
cultured in 0.8 mm flow chambers either under static conditions or under unidirectional flow (9
dynes/cm?) for 2 days. Chambers were then co-perfused with microbubbles and PI at a flow rate
of either 5 or 30 ml/min, and interrogated for a treatment duration of 2 s. With these flow rates, a
given microbubble is present within the acoustic focal volume for approximately 0.18 s (5 ml/min)
or 0.03 s (30 ml/min). The selection of these flow rates warrants some discussion. Given that blood
velocity varies in terms of anatomical location (e.g. big vs small vessels) and pathological state
(healthy vs diseased tissue), we chose a range to encompass small to large vessel flow; although
the correlation between blood velocity and vessel size is not clear in tumor vasculature[292], [293].
The cross-sectional area of our flow chamber is (5x0.8) mm = 4mm?. For the flow rate used in our
manuscript, this corresponds to a velocity of 2 — 12 cm/s. This range encompasses the velocities

typically found within larger healthy arterioles to arteries, and is appropriate for the given cross-

54



sectional area of the fluid chamber. Multi-color recordings (Hoechst and PI) were employed to
obtain co-registered images per time point. These co-aligned Hoechst images were used as an
image processing mask to delineate cells, and PI signal intensity was quantified using in-house
MATLAB software. The total number of cells D was determined via Hoechst staining (D = 6376
+ 682 per field of view over all datasets), and the presence of PI by the end of the recording was
used to delineate between endothelial cells with (PI+) or without (PI-) enhanced cell membrane

permeability.

3.2.7. The Effect of Multiple Short Pulses on Cell Membrane Permeabilization
To compare the effect of a single pulse versus multiple short pulse ultrasound, a subset of cells was
pre-seeded under unidirectional flow for two days. These two types of pulse sequences, either a
single pulse or repeated short pulses, were designed with a fixed number of total ultrasound bursts
M. These were programmed on the signal generator via MATLAB. For these experiments, flow
chambers were co-perfused with microbubbles and PI with a flow rate of 30 ml/min. We
investigated treatment paradigms with M = 100, 200, and 300 bursts (Fig. 2); the single pulses
were characterized by similar transmit parameters as the first set of experiments (N = 20, PRI =
Ims), but with a duration of either 100, 200 or 300 ms. The multi-pulse sequence was identical but
split into 25 ms intervals separated by 1 second (At = 1s); namely 25 ms intervals repeated either
4 (M=100), 8 (M=200), or 12 (M =300) times. Data analysis was performed similarly to section
2.6., whereby we compare the relatively efficiency of permeabilization between the two pulsing

schemes.

3.2.8. The Role of Flow Rate on Ultrasound-mediated Ca>* transients

A subset of either HUVEC or HBEC-51 cells were pre-seeded under unidirectional flow for two
days and incubated with Fluo-4AM for 30 minutes at 37°C. Following wash steps, baseline images
were acquired to assess native intracellular Ca*" levels. Chambers were then co-perfused with
microbubbles (1:500 dilution) and PI at a flow rate of either 5 or 30 ml/min, and interrogated for
a treatment duration of 2 s. Video microscopy was performed for 90 seconds with increased frame-
rate (2 fps) in order to assess the spatial and temporal breadth of Ca** dynamics. Calcium positive
cells (Ca®" positive) were defined as those that exhibited an increase in intracellular fluorescence
(in arbitrary units a.u.) greater than a given threshold, determined from sham experiments (see

below). Among the Ca?* positive cells, cell population sets can be split between directly treated
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cells (those that are Ca®" positive and PI positive) and those that are not directly permeated by
ultrasound (Ca®" positive and PI negative). All data analysis was performed using in-house

software in MATLAB.

3.2.9. Statistical Tests

Statistical analysis was performed using MATLAB. Two-tailed, un-paired two-sample Student’s t-
tests were applied to ascertain statistical significance in enhanced membrane permeability (the
percent of PI+ cells) for any given set of conditions. Pearson’s correlation coefficient was
employed to test linear dependence between the extent of Ca>" positive and PI positive cells. The
Wilcoxon rank sum test was applied to assess equality of population medians for maximum
intracellular Ca** signal as a function of flow rate. A resulting p-value of less than 0.05 was

assumed to be statistically significant.

3.3. Results and Discussion

Figure 3 depicts a representative epi-fluorescence micrograph of the effect of shear conditions
during cell culturing. It is well established that in-vivo endothelial cells, which are exposed to
blood flow, exhibit phenotypic, biomechanical and genetic differences as compared to those
cultured statically; including extended F-actin fibers and altered cytoplasmic and plasma
membrane mechanical properties (e.g. [299], [303]). Indeed, culturing endothelial cells, either
HBEC-5i or HUVEC, under 9 dyn/cm? shear flow for seven days (Fig. 3a) greatly altered the
cellular morphology as compared to conventional static cell cultivation (Fig. 3b). Endothelial cells
in the static state displayed heterogeneous morphology with random orientation, whereas cultured
cells under fluid flow, with similar culture conditions, were more homogeneous and elongated in
the flow direction. Although the presence of shear flow for seven days led to a substantial
morphologic transition in endothelial cells, exposing both HUVEC and HBEC-5i to shear flow
even as few as two days impacted cellular shape (data not shown). In addition, statically cultured
cells in chamber slides developed disrupted boundaries between adjacent cells, while seeded cells
under unidirectional flow with the same confluency formed more physiologically relevant cell-to-
cell contacts, with minimal extracellular gaps. This result indicates that, under the specific
conditions employed here, cultivation of endothelial cells under a steady fluid flow significantly

alters endothelial physiology and mimics a more physiologically relevant environment.
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With this said, our first goal was to assess whether the efficiency of ultrasound-mediated enhanced
endothelial cell permeability, which occurs under fluid flow, is modulated by the fluid flow rate
itself. First, we conducted an exhaustive set of control experiments (shams) for every experimental
condition, i.e. under flow with microbubbles but with no ultrasound treatment (Fig 4). This was to
tease out the extent to which ultrasound and microbubble treatment is responsible for changes in
endothelial permeability and Ca®" influx versus that of the fluid shear flow itself — which is known
to modulate intracellular Ca®" levels. As can be seen from the figure, control experiments
conducted on over 60000 cells per endothelial cell line reveal negligible PI uptake, on the order of
0.2% of cells over all conditions (no statistical difference between any of the groups). It should be
noted here that this data also inherently captures any systematic error associated with the offline
processing algorithm. Similar experiments investigating the effect of fluid flow on Ca** flux,
estimated from over 30000 cells per endothelial cell line, reveals small fluctuations. For the Ca**
sham controls, data is presented as the distribution of maximum intracellular Ca®" levels
throughout the video recording, whereby the top and bottom of the boxes denote the 25th and 75th
percentiles, respectively, with the whiskers extending to 1.5 times the interquartile range (IQR).
The notches in the boxes can be interpreted as a comparison interval around the median values
(median + 1.57 IQR / v/n) where n is the number of cells within that group. While there is no
statistical difference between the Ca** sham experiments at the two flow rates for HUVECsS, there
is an increase in maximum intracellular Ca*" signal at 30 ml/min versus 5 ml/min for HBEC-5i
cells (1.3 vs. 0.4 a.u.; p<0.001). However, all experimental data employing ultrasound and
microbubbles to be presented in the subsequent figures were found to be highly significantly
different to its respective sham experimental group (p<0.001). Having firmly established a baseline
from which we may interpret ultrasound-mediated changes in permeability and Ca®" flux, the
results depicted in Figure 5 demonstrate a significant increase in PI positive cells under a situation
in which microbubbles are flowing at a faster rate. Figure 5a and 5b highlight a representative
example of the time-lapse microscopy data acquired before, during, and after ultrasound exposure.
As can be seen by the fluorescence still-frames (first frame is Hoechst-stained for nucleus
detection), the uptake of otherwise impermeable PI indicates endothelial cell membrane
perforation, which continues long after the ultrasound exposure is over (2 seconds, in this
example). Previous studies have examined similar-looking PI uptake curves to extract salient

parameters of membrane perforation (e.g. [287]). However, as the PI tracer employed here is only
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visible at our current optical magnification as it reaches the nucleus, its uptake rate and plateau
level are confounded by the diffusion distance between its point of entry (i.e. the membrane
perforation) and the nucleic cavity. As such, these curves were employed as a surrogate for the
presence or absence of a directly perforated cell in a binary sense. Note that within the cytoplasm
at the site of PI entry (i.e. not confounded by the nucleus and thus where the diffusion equations

hold), the intracellular PI level is strongly correlated with microbubble-induced shear stress [152].

With endothelial monolayers cultured under shear, the extent of permeabilization from
microbubbles diluted 1:500 v/v under a flow rate of 30 ml/min increased drastically, resulting in
an 8.2 fold (HUVEC) and 2.7-fold (HBEC-51) increase compared to treatment under a flow rate
of 5 ml/min (p<0.001; p<0.003 for HUVEC and HBEC-5i respectively) — shown in Fig. 5c. To
gain some physical insight, it is helpful to examine the bubble travel distances within a single PRI
(1 ms). At the slower flow rate (2 cm/s), this corresponds to approximately the length scale of a
single endothelial cell (20 pm), whereas this increases to several cell widths at the faster flow rate
(120 um). If we assume that a given bubble is not disrupted as it passes through the ultrasound
beam, the bubbles traveling at the faster flow rate have the potential to interact with many more
cells than it would at the slower flow rate during a given fixed duration ultrasound treatment. This
is a potential explanation for the increased cell membrane permeability at the faster flow rate,

regardless of endothelial cell type.

Additionally, for comparison, our results show a similar pattern for endothelial monolayers
cultured statically (Fig. 5d), resulting in increased cell perforation with increasing flow rate (9.7-
fold, p<0.001; 2.2-fold, p<0.001 for HUVEC and HBEC-5i respectively). This confirms that the
effect of microbubble flow rate on cell membrane permeability was independent of the cell seeding
state. It is interesting to note here that comparison between Figs. 5S¢ and 5d reveals a slight increase
in the number of permeabilized cells for those monolayers that were cultured statically versus those
cultured under shear at both treatment flow rates. While not the purpose of this study, this is
consistent with previous work investigating the effect of culture condition on static ultrasound-
mediated endothelial permeability [304]. Given these results, we chose to continue the rest of our
investigations employing endothelial cells that were cultured under flow (i.e. as in Fig. 5¢) to

preserve in-vivo relevance.
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Having established a stark effect of microbubble flow rate on ultrasound-mediated endothelial
permeability, we hypothesized that modulating the pulsing scheme to allow for replenishment of
microbubbles between bursts would have an impact on permeability (given a fixed microbubble
dose, fluid velocity, and acoustic stimulus). In addition, we explored two different microbubble
doses to examine the concentration-dependence of this effect. At a fixed fluid flow rate of 30
ml/min, the effect of multiple short pulses with 1 s inter-pulse delays was compared to single long
pulse ultrasound (see Fig. 2b for pulsing scheme schematic) with microbubble dilutions of 1:500
(Fig. 6) or 1:1000 (Fig. 7). An inter-pulse delay of 1 s was chosen in order to supply sufficient time
for a completely fresh replenishment of microbubbles. Indeed, this results in a microbubble
displacement of 20 mm (5 ml/min) and 120 mm (30 ml/min), well beyond the acoustic beam width
(see Methods section). For a given number of ultrasound bursts, either M = 100 (Fig. 6a), M =200
(Fig. 6b), or M = 300 (Fig. 6¢), repeated short pulses at 1:500 dilution relative to the single long
pulses considerably elevated ultrasound-induced cell membrane permeability for both endothelial
cell types (1.5-fold (p<0.01), 1.7-fold (»<0.007), 1.5-fold (»<0.004) increase for HUVEC; 1.5-fold
(»<0.01), 1.8-fold (p<0.004), 2.3-fold (p<0.001) increase for HBEC-5i). While expectedly
resulting in fewer permeated cells, the same numerical trends were observed for the cells which
were treated with a more dilute concentration (1:1000 dilution) of microbubbles (1.3-fold (p=0.1),
1.9-fold (p=0.8), 2.0-fold (p<0.02) increase for HUVEC; 1.3-fold (p=0.1), 1.3-fold (p<0.03), 1.6-
fold (p=0.06) increase for HBEC-51). As it is illustrated in Figs. 6d and 7d, the ratio of repeated
short pulses versus single long pulse ultrasound exhibits an increasing trend with the total number
of bursts. Note here that in this figure, a value of 1 indicates no difference between the two pulsing
schemes. This effect is likely due to the accumulation of inter-pulse delays from the pulses with
larger burst number, which leads to the replenishment of more fresh microbubbles in the treatment
region and allows for the native treatment of new, otherwise untreated endothelial cells. Given
knowledge of our acoustic beam width, we can estimate the minimum required inter-pulse delay
to achieve this; i.e. to ensure that a given set of microbubbles is given sufficient time to exit the
ultrasound beam width, resulting in a minimum At of 29.2 ms (30ml/min) and 175 ms (5ml/min)
for the two flow rates. The inter-pulse delay time of 1 second selected here therefore corresponds
to the time required to traverse ~34 (30 ml/min) and ~6 (5ml/min) beam widths, significantly out

of the acoustic beam.
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In order to postulate that the above effects of pulsing scheme are not of thermal origin, we can
estimate the ‘worst-case’ temperature increase AT, ,. Firstly, we assume that the culture media
approximates water, namely that the speed of sound c, the density p, the heat capacity per unit
volume C,, and the ultrasound absorption coefficient @ are given by c=1500 m/s, p=1000 kg/m>,
C,=4.18 J/em*°C and a(,=0.002 dB/cm/MHz. Secondly, we assume the worst-case scenario; that
is to say to ignore heat transfer from perfusion (i.e. that the media is moving with a given velocity)
and assume a continuous (not pulsed) ultrasound wave (duty cycle=100%) of the maximum
duration used in this study, At=0.3 s. Given this, we can estimate the rate of heat generation per
unit volume Q given the temporal averaged intensity Ir, as [136], [305]:
. p (2)

=207 ,; 170 = —.
Q Alry; ITa 2pc

where p is the pressure amplitude at the source of heat generation, i.e. the focal spot of the
transducer. If we consider that no heat is lost due to conduction, convection, or any other format,

the maximum temperature increase AT,,,, 1s approximated by [306]:

AT QAt 3)
max — Cv .

With our selection of ultrasound parameters, this results in a maximum ‘worst-case’ temperature

increase of ATy, =1.02x10* °C; a negligible increase. In practice, we would assume the

maximum temperature increase to be even smaller since we employed pulsed ultrasound (duty

cycle=2%) in a fluid flow environment.

A summary of the effect of fluid-flow on ultrasound-mediated intracellular Ca*" transients is
depicted in Fig. 8. As Ca?" is known to be modulated by shear stress, control groups were subjected
to microbubble perfusion with either 5 or 30 ml/min flow rate and without any ultrasound delivery
(see Fig. 4). In the top panel (Fig. 8a), a representative microscopy time-lapse of ultrasound-
induced Ca?" influx in HBEC-5i is shown for both treated under 30 ml/min (top) and 5 ml/min
(bottom). In this panel, the last frame for both flow rates is merged with the resulting propidium
iodide map — denoting the cells that were directly treated by the end of 90 second recording time.
From this visual representation, there is a clear and significant difference in terms of both

intracellular Ca** levels and the extent of Ca*" signalling between the two flow rates examined. As
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has been previously observed in experiments conducted in static conditions, Ca>" influx occurs not
only in the directly perforated cell but intracellular Ca®>" concentration is also modulated in
adjacent, neighboring and/or non-directly treated cells [158], [160], [267]. This can be due to direct
microbubble cavitation below a given threshold [152] so as not to permeate the membrane but
trigger shear-sensitive Ca®>" channels [54], or due to cell-to-cell Ca®>" propagation. Calcium
propagation has long been observed as a result of localized membrane wounds [307], and has in
part as its mechanistic source intercellular communication via gap junctions [54]. This
phenomenon can be qualitatively examined in the first panel (Fig. 8a) by noting endothelial cells
with both Ca*" and PI positive signals (i.e. directly permeated) and those that stain positive for
Ca?" but without PI signal (i.e. indirectly modulated). Indeed, the timing of Ca®" influx and the
resulting dynamics over time are sampled in Fig. 8b, whereby the traces from the six cells denoted
in Fig. 8a are shown. In this panel, ultrasound delivery commenced at approximately 10 seconds
into the recording for both of the experiments (cells 1-3, 30 ml/min; cells 4-6, 5 ml/min). From
this panel, it is clearly observed that the intracellular Ca®" signal drastically increases at the time
(or slightly after) ultrasound is delivered, and that the signal is much stronger in those cells that
were treated at the faster flow rate than those at the slower flow rate. While the influx dynamics
are likely due to the localized microbubble-induced shear stress and resulting perforation
size/duration, Ca®" is actively pumped out of cells (e.g. ion channels, through gap-junctions).
Quantification of all datasets revealed a strong correlation between the number of Ca®" and PI
positive cells, as shown in Fig. 8c with the flow rate dimension and endothelial cell type collapsed
(=0.79, p<0.001, although each cell line is independently correlated too; rzuvec= 0.90, pruvec
<0.001; rusec = 0.74, pupec <0.005). Further, the maximum intracellular Ca®" intensity (i.e. the
peaks of the curves shown in Fig. 8b) is much greater within the cohort treated at 30 ml/min, as
shown in Fig. 8d, for either type of endothelial cell (p<0.001 for both HUVEC and HBEC-51). As

previously discussed in the context of sham experiments (Fig. 4), the notches in the boxes can be

interpreted as a comparison interval around the median values (median + 1.57 IQR / \/ﬁ) where n

is the number of cells within that group. When treated under the larger flow rate, maximum
intracellular Ca®" levels increased by a factor of 1.3-fold and 2.1-fold for HUVEC and HBEC-5i
cells respectively. Note that while there was no significant difference in this metric at 5 ml/min
between endothelial cell types (p=0.1), the HBEC-5i cohort of cells exhibited much higher peak
Ca?" levels as compared to the HUVEC cohort at 30 ml/min (1.7x increase, p<0.001). In addition
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to Ca®" dynamics, it is of particular interest to examine the proportional of cells that exhibited Ca**
influx but were not directly perforated. Indeed, this ‘remote’ effect — namely modulation of cellular
signaling without direct contact with a vibrating microbubble — is of particular interest for non-
vascular applications of ultrasound-mediated therapeutics. To this end, Fig. 8¢ quantifies the
percentage of all Ca?" positive cells that exhibited Ca?" influx without PI influx (the intersection
of the Ca?" positive set with the PI negative set normalized to the total number of Ca®" cells;
Ca?* +n PI —). Ultrasound-mediated endothelial permeabilization under the slower flow rate
resulted in more of these cells than under the faster flow rate (p<0.001 for both HUVEC and
HBEC-5i). Indeed, this is not accounted for by the increased total number of Ca" positive cells at
30 compared to 5 ml/min (3.58 + 0.32-fold increase over all cells) since the extent of direct
membrane perforation increases linearly with it (Fig. 8c). As individual cell shape and morphology
is known to be modulated post-US treatment (e.g. [308]), one hypothesis for this observation is
that slight changes in cell morphology due to the perforation recovery at the faster flow rate
(typically much larger Ca®" peaks compared to the slower flow) appreciably uncouples the cell-
cell contact required for gap-junctional communication between neighboring cells — one of the
major mechanisms for Ca?" efflux [54]. This would imply that more effective remote cellular
modulation due to ultrasound (i.e. indirect cellular ‘bystander’ effect) is accomplished under
slower flow conditions. With this in mind, the design of pulsing schemes in which the range of

target tissue blood flow is a consideration is warranted.

In addition to pulsing schemes, microbubble size distribution relative to the transmit frequency
(i.e. resonant sizes) will likely play a role in the absolute magnitude of endothelial bioeffects. The
resonant microbubble behaviour under an acoustic pressure similar to those used for microbubble-
mediated therapy is complex; exhibiting nonlinear resonance phenomena and strong harmonic
vibrations [144], [273], [309], [310], [311]. In conjunction with both size-dependent effects (e.g.
bubble flotation) and varying flow rates, the initial bubble distribution is another aspect that in

principle can augment therapeutic efficacity.

It is also interesting to note that, while the trends observed in this work are consistent among the
two types of endothelial cells examined (confirming that this phenomenon is not unique to a given
cell line), the absolute magnitude of the effect is not the same — it is amplified within HUVECs. It

is well understood that cellular mechanobiology in part dictates the response of an endothelial cell
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to the complex set of dynamic mechanical stresses (e.g. flow-derived stresses, local curvature)
[312],[313], [314]. It is thus not surprising that membrane permeabilization due to localized shear
will depend on the constituents and biophysical properties of the plasma membrane itself — in this
case from vein (HUVEC) versus cerebral microvasculature (HBEC-51) origin. Further, the present
study examines the specific effect of laminar flow rate. Indeed, endothelial cells are continuously
subjected to various mechanical forces. However, the primary hemodynamic force is flow-induced
shear stress, with varied flow patterns such as laminar, disturbed, or pulsatile in different regions
of the arterial tree. Studies (e.g. [315]) have shown that shear flow affects a wide variety of
endothelial cellular functions (i.e. gene expression, proliferation, apoptosis, migration,
permeability), including the modulation of atherosclerotic genes (e.g. increases due to disturbed
flow at the branch points of the arteries). Our control studies (Fig. 4) indicate no significant
detectable cellular permeability without ultrasound-induced microbubble vibration. There is
evidence however that laminar flow reduces endothelial cell proliferation and results in improved
barrier function (i.e. decreased endothelial permeability) in comparison with more chaotic flow
patterns. While not examined here, we would speculate that the more intrinsically permeable
endothelial cell membranes found under disturbed flow would more easily perforate under
ultrasound and microbubbles while under all other conditions equal. It is an important
consideration since, as previously mentioned, the local vascular flow patterns can differ
substantially between healthy and pathological tissue. This warrants further investigation and is

the subject of future studies.

3.4. Conclusions

An acoustically coupled microscopy system was developed to investigate ultrasound-assisted
endothelial cell permeabilization under varying fluid flow conditions. The results revealed the
substantial impact of microbubble flow velocity over the adjacent endothelial cells on the efficacy
of microbubble-mediated cell perforation. The flow rate of 30 ml/min was found to drastically
increase endothelial cell membrane permeability in both human umbilical vein (HUVEC) and
microvascular brain (HBEC-51) endothelial cells as compared to the flow rate of 5 ml/min. In
addition, a faster flow rate significantly elevated the intracellular Ca** levels in both endothelial
cell types, followed by a more extensive propagation of Ca?" influx in the indirectly treated
neighbouring cells. However, the population of Ca®" positive cells without direct membrane

permeation represented a larger fraction of Ca®" positive cells at the slower flow rate. Furthermore,
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our results have shown that modulating the pulsing scheme to incorporate an inter-pulse delay of
At = 1 s between multiple short pulses greatly extended cell membrane permeability due to the
replenishment of fresh microbubbles to the acoustic focus. These findings provide an
understanding of the effects of vascular flow conditions on microbubble-assisted cell
permeabilization and aid developing an efficient, application-dependent therapeutic delivery

system.
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Figure 3.1: The in-house phospholipid encapsulated agent is stable for a least up to an hour. a) The
volume-weighted distribution highlights a double peak: at (1.1= 0.2) um and (4.9+ 0.3) um. Note that this
double peak characteristic is similar to clinically employed Definity™ agent. Panels b) and c) highlight a
stable microbubble concentration and volume-weighted peak size over the course of 60 minutes. All
experiments were conducted within one hour of vial activation, and individual experiments were complete

within 8 minutes of agent dilution within the pre-warmed media cocktail.
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Figure 3.2: Schematic representation of experimental setup and pulse design. a) Flow chambers were
placed upon an acoustically coupled inverted microscope and co-perfused with a solution of phospholipid
agent and propidium iodide (PI). Inlet highlights a schematic representation of ultrasound-triggered bubble
dynamics to show bubble expansion during the negative pressure cycle and bubble compression during the
positive pressure cycle. Not drawn to scale. b) For a fixed number of ultrasound bursts (100 or 200), the
treatment paradigms consist of either a single pulse (N=20, PRI=1ms, duration 100, 200 or 300 ms) or a
sequence with a 1s delay (N=20, PRI=1ms, duration 25 ms; repeated either 4, 8 or 12 times at At = 1s).
These were investigated with a view towards enhancing endothelial cell permeabilization. ¢) Beam profile
(normalized to peak — in dB) of the single-element transducer (1 MHz) used in this study obtained via
hydrophone measurements. See text for details. d) The transmission loss at the focus of the beam through
the culture chamber employed in this study. The solid (blue) curve denotes the beam unimpeded, and the
red (dashed) curve depicts transmit pressure with the chamber in the beam path. Transmission loss is

estimated at 5%.
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Flow Direction

Figure 3.3: The presence of shear flow affects the physiology of vascular endothelial cells. a) An
endothelial monolayer (HUVEC) was cultured either a) subjected to laminar flow (9 dyn/cm?) for seven
days or b) statically under the same confluency and duration. Actin filaments were stained in red
(phalloidin), PECAM-1 in green, and DAPI in blue. Our results show that shear flow leads to the cellular
orientation of endothelial cells in the direction of flow over time, as well as developing a more
physiologically relevant cell-to-cell contact regime, whereas statically cultured cells displayed large
extracellular gaps, disorganized directionality and weak (lower in magnitude) cell-cell contacts. These

effects are similar for HBEC-5i (data not shown). The scale bar is 50 pm.
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Figure 3.4: Control (sham) experiments reveal fluid flow alone does not alter endothelial permeability
and modulates Ca’" in HBEC-5i endothelial cells only. a) Representative examples of the raw time-lapse
microscopy data from a HUVEC dataset under a flow rate of 30 ml/min. Hoechst stain (blue) highlights
cell monolayer nuclei, and (top) propidium iodide uptake (PI; in red) is used as a surrogate for plasma
membrane permeability while (bottom) Ca?" influx (green) is monitored by Fluo4-AM. Scale bar is 50 pm.
b) The PI and Ca*" uptake curves for the four cells denoted in panel a) gives a sense of the baseline level of
these metrics. Aggregate data for ¢) permeability (#>60000 cells per endothelial type) and d) calcium influx
(n>30000 cells per endothelial type). Note that the permeability data is presented as mean + standard
deviation, while the Ca®" data is represented as medians and interquartile ranges. See text for details. While
there are slight differences between endothelial lines and flow rates, the global quantification reveals no
more than 0.2% of cells are permeabilized under flow itself (note that this inherently includes systematic
errors associated with the offline image processing). While there is no effect of fluid flow on intracellular
Ca?" signal distribution for HUVEC cells, there is for HBEC-5i (p<0.001). Note that all of the experiments
conducted with ultrasound (Fig. 5-8) are highly significantly different with respect to its respective control

dataset shown in this figure.

67



o
~—

t=11s ,7.30
5 : —
g 1
o A
Q20 3
®
7
010 2
o
=
a 0=
0 20 40 60 80

Time (s)

c) Shear Culture d) Static Culture
20
15+ . . m= HUVEC — __ ___* == HUVEC
2 = HBEC5i .| __* =3 HBECS
)] un
8 10+ 3
) o 104
2 2
la 5_ .w
: ﬂ n_? )}
= = Laa |l
Jm[ | W -
5 30 5 30
Flow Rate (ml/min) Flow Rate (ml/min)

Figure 3.5: Faster microbubble flow increases ultrasound-mediated endothelial cell permeabilization.
a) Representative example of the raw time-lapse microscopy data during real-time ultrasound-mediated
endothelial cell permeabilization. Hoechst stain (blue) highlights cell monolayer nuclei, and propidium
iodide uptake (PI; in red) is used as a surrogate for plasma membrane permeability. Ultrasound is delivered
at approximately the 10 second mark for a duration of 2 seconds. Scale bar is 50 pm. b) The PI uptake
curves for the three cells denoted in panel a). Note that the shape of these curves, including the plateau level
and initial slope, is related to the perforation characteristics and the distance between the perforation and
the nucleus (see text for details). In aggregate, either HUVEC (black bars) or HBEC-5i (grey bars) were
pre-seeded in flow chambers for two days c) under unidirectional flow or d) under static conditions. Under
an identical acoustic stimulus, microbubbles flowing at 30 ml/min led to a substantial increase in cell
membrane perforation (8.2-fold, p<0.001; 2.7-fold, p<0.003 for HUVEC and HBEC-5i respectively) as
compared to microbubbles flowing at 5 ml/min. This effect was independent of cell seeding state, showing
very similar results for cells cultured statically (9.7-fold, p<0.001; 2.2-fold, p<0.001 for HUVEC and

HBEC-5i respectively). Asterisks denote statistical significance.
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Figure 3.6: Multiple short pulses rather than a single long pulse ultrasound significantly increase
endothelial cell permeabilization. The comparison of the percentage of directly perforated cells (PI
positive cells) between short and long pulse ultrasound with a) =100 bursts, b) M=200 bursts and c)
M=300 bursts for HUVEC (black) and HBEC-5i (gray) endothelial cells. A time delay At=0 is equivalent
to pulsing scheme 1 in Fig. 2. This represents a one long pulse with a PRI of 1 ms (and thus a duration of
100, 200 or 300 ms respectively). A time delay At=1s (pulsing scheme 2 in Fig. 2) is characterized by 25
bursts (PRI = 1ms) spaced by At=1s and repeated for 100, 200 or 300 pulses, respectively. Microbubbles
were diluted 1:500 in cell culture media. Multiple repeated short pulses, either 25ms repeated 4, 8, or 12
times (panels a), b) and c) respectively) enhanced perforation percentage in both HUVEC and HBEC-5i.
All comparisons were statistically significant for either type of endothelial cell. d) The ratio of multiple

short pulses to single long pulse ultrasound increased as the total number of bursts was raised. A value of 1
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here indicates no difference, and a value above 1 indicates a more efficient sequence at generating PI

positive cells.
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Figure 3.7: Multiple short pulses rather than a single long pulse ultrasound significantly increases
endothelial cell permeabilization. The comparison of the percentage of directly perforated cells (PI
positive cells) between short and long pulse ultrasound with a) =100 bursts, b) M=200 bursts and c)
M=300 bursts for HUVEC (black) and HBEC-5i (gray) endothelial cells, along with d) the ratio between
multiple short pulses to single long pulse. This is the same experiment as that conducted in Fig. 6, however
with microbubbles diluted at 1:1000 in cell culture media. Note that, as expected, the same trends persistent

albeit with less absolute membrane permeabilized cells.
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Figure 3.8: Fluid flow rate affects ultrasound induced intracellular Ca?* transients in endothelial
cells. Ultrasound-stimulated microbubbles triggers transient influx of Ca®" from the extracellular
environment in both HBEC-5i and HUVEC, subjected to either flow rates of 5 or 30 ml/min. a)
Representative Ca?* fluorescence images (HBEC-51) during treatment under (top) 30 ml/min and (bottom)
5 ml/min. Green signal is proportional to Ca** concentration, and the last frame overlays the PI signal taken
at the end of the recording (90 s post treatment). Note that the absolute number of Ca** positive cells is
clearly larger from treatment under the faster flow rate. Scale bar is 1 mm. b) The intracellular Ca** trace
over time for the six cells depicted in the panel a). ¢) As expected, the extent of Ca** positive cells is directly
proportional to the extent of direct membrane permeabilization (PI+ cells) for both endothelial cell lines
examined (7=0.78; p<0.0001). d) The maximum intracellular Ca®" intensity was significantly higher for
those treated under 30 ml/min flow than for 5 ml/min (p<0.0001, Mann-Whitney test for both cell lines) ¢)
For both HUVEC and HBEC-5i endothelial cells, the percentage of Ca>" cells that did not exhibit direct
membrane perforation (Ca**+ N PI-) was higher than those Ca®" positive cells that did (»p=0.0006;
p=0.0003). This suggests that the ‘remote’ effect of microbubble-mediated endothelial treatment (affecting
the local cellular environment of those cells not in direct contact with a microbubble) is increased at slower

flow rates.
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4. Shear stress preconditioning and microbubble flow pattern modulate

ultrasound-assisted plasma membrane permeabilization

Expanding on chapter 3 findings, manuscript published as: Memari et al. Materials Today Bio
(2024) uses the same ultrasound setup described in previous chapter to further evaluate cell
permeabilization under varied flow profiles. Given that the flow patterns vary across different
anatomical sites, this study explores the influence of various microbubbles flow patterns either
laminar, pulsatile or oscillatory flow on ultrasound-mediated endothelial cell permeabilization.
Additionally, it investigates the effects of shear flow preconditioning on endothelial cell

perforation.

4.1. Introduction

Atherosclerosis stands as a chronic inflammatory disease, characterized by thickening of large
vessels due to the accumulation of low-density lipids (LDL), trans-endothelial migration of
immune cells into the arterial walls, and the development of fatty plaques[316]. As the plaque
progresses, it can begin to erode or rupture, resulting in severe clinical consequences including
myocardial infarction, peripheral artery disease, and ischemic stroke. Indeed, this condition serves
as a fundamental basis for the majority of cardiovascular disease (CVD) and ranks among the
leading causes of death worldwide[317]. Although the multifactorial nature of the disease (e.g.
hypercholesterolaemia) is systemic, atherosclerotic plaques preferentially develop in regions with
disturbed blood flow patterns[313]. The current standard of treatment for atherosclerosis includes
systemic administration of cholesterol-lowering agents such as statins (HMG-CoA reductase
inhibitors) and anti-platelet drugs, alongside surgical interventions for severe cases of the
disease[318]. However, given the limited efficacy of current treatments and the inability to prevent
the reoccurrence of the disease, there is an urgent need for finding novel strategies to target the
underlying causes of atherosclerosis. To this end, there has been an influx of investigations into
the use of pharmacological agents that target inflammation directly, and these have shown
excellent pre-clinical results (e.g.[319]). Leveraging this success, recent clinical data has
highlighted the direct benefit of targeting the inflammatory pathway on patient outcomes[320],
[321]. Perhaps the most successful of which is the CANTOS (Canakinumab Anti-Inflammatory
Thrombosis Outcome Study) trial[322], in which the systemic delivery of the neutralizing IL-13

antibody canakinumab (50-150 mg) was shown to reduce the risk of a first major adverse
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cardiovascular event (MACE) by 15% in patients with prior myocardial infarction, along with a
dose-dependent reduction in IL6 (19-38%) and C-reactive protein levels (26-41%). Despite these
exciting results, canakinumab was not approved by the FDA for this indication due to an increased

level of fatal infections, suggesting the need for robust spatial targeting of the therapeutic antibody.

In designing an efficient drug delivery system for atherosclerosis, it is crucial to appreciate how
complex blood flow patterns at the atherosclerotic prone regions influence endothelial
permeability and susceptibility to treatment. Indeed, endothelial cells detect shear flow patterns
via mechanosensors, including membrane receptor kinases, integrins, ion channels, intercellular
junctions, and cytoskeleton components[323]. The regulation of endothelial gene expression via
such mechanosensors in response to local shear stress is considered a major deterministic factor in
atherosclerosis susceptibility[313]. Endothelial cells subjected to sustained laminar or
unidirectional pulsatile flow correlate with transcription profiles considered protective against
atherosclerosis (e.g. downregulation of pro-inflammatory genes). However, at the vascular regions
with complex geometry such as vessel branch points, bifurcation and curved areas that result in
uneven or disturbed flow, endothelial cells are exposed to low shear stress with high temporal
gradients including oscillatory shear[324]. These more complex flow profiles are correlated with
pro-inflammatory and atherogenic phenotypes, resulting in an increased endothelial cell turn over
rate, endothelial permeability, and vascular bed impairment[325]. It is therefore of interest to
consider the influence of shear stress preconditioning on endothelial cell permeability and
integrity. In recent decades, various drug delivery methods have been explored for targeted
deposition of therapeutic molecules within the context of CVD, including atherosclerosis. Of
particular interest is the emergence of ultrasound-assisted therapy, as echocardiography already
plays a key role in the diagnosis and management of patients with CVD. Contrast ultrasound,
which employs ultrasound contrast agent microbubbles, is approved for use for left ventricle
opacification in both adult and pediatric patients and used in many off-label clinical cardiac
applications (e.g myocardial perfusion, neovascularization imaging)[53]. Intravenously injected
microbubbles are small (1-8 pm) gas-core microspheres, stabilized by a thin flexible shell
composed typically of phospholipids, that remain intravascular due to their size. Exposure to
diagnostic ultrasound results in their nonlinear vibration which enables the detection and
separation of their echo from that of the surrounding tissue[326]. Beside diagnostic applications,

microbubbles have shown tremendous therapeutic potential[327], the most clinically advanced
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application of which is the reversible opening of the blood-brain-barrier for targeted drug
delivery[328], [329]. Indeed, depending largely on microbubble physics and the surrounding tissue
properties, oscillating ultrasound-stimulated microbubbles — which result in local, rapid fluid
motion within the vicinity of the bubble itself - can exert targeted bioeffects via the application of
shear and circumferential stress to neighboring vessels and tissues, ranging from reversible cell
permeabilization[150], [152], modulation of intracellular Ca** flux[330], [331], enhanced blood
flow perfusion[161], [332], and modulation of inflammatory responses[56]. Given this context,
here we aim to investigate the influence of flow pattern and magnitude on ultrasound-assisted
endothelial cell permeabilization, including laminar, non-reversing pulsatile, and reversing
oscillatory conditions. First, we examine the effect on shear preconditioning on the susceptibility
of endothelial cells towards ultrasound-enhanced permeability, with a particular focus on the
influence of shear-mediated cytokine and chemokine expression. Next, we investigate how
microbubble fluid flow patterns during ultrasound treatment alters its efficiency, motivated by the
intrinsic differences in flow profiles at different anatomical sites, including those in atherosclerotic

prone regions.

4.2. Materials and Methods

4.2.1. General Cell Culture

Human umbilical vein endothelial cells (HUVEC, C2519A; Lonza, Walkersville, MD, USA) were
cultured in endothelial cell growth medium (EGM-2; CC3162, Lonza), and maintained at 37 C
with 5 % CO2 and 95 % air atmosphere. Independent of culture condition, endothelial cells were
cultivated in collagen-iv coated p-Slide I Luer type with a single channel (Ibidi, Gr afelfing,
Germany) at a density of 120,000 cells/cm?. The slides used in this study have a growth surface
area of 2.5 cm? with channel heights ranging from 0.4 to 0.8 mm. Based on the experiment,

endothelial cells were cultured either statically or under flow conditions for two days.

4.2.2. Flow Apparatus

For fluid flow-based experiments, the ibidi fluidic system, consisting of fluidic units, pump system
and flow control software, was employed. For all experiments, the fluidic units were mounted with
a yellow-green perfusion set (10 ml syringe reservoirs, filters, 1.6 mm silicon tubing), and
connected to a pump system to generate the fluid flow — ranging from laminar, non-reversing

pulsatile, and reversing oscillatory flow patterns (Fig. 1). The ibidi flow software was used to
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regulate the flow parameters and create the fluid flow profiles. The shear-flow was calculated using
the flow control software, given by t = an - ®, where 1 is shear stress (dyne/cm?), 1} is dynamical
viscosity (dyne-s/cm?), @ is the flow rate of the perfused medium (ml/min), and a is a constant that

is dependent on the chamber geometry.

Prior to cell cultivation under flow, a unidirectional flow was generated using the ibidi pump
system for at least 30 minutes to remove any air bubbles in the perfused medium. To cultivate cells
under flow, independent of the flow pattern, an augmented gradient of fluid flow was applied for
two hours to allow the cells to adapt to the flow condition and prevent cell detachment from the
slide’s growth surface. While laminar flow needed only one fluidic unit, pulsatile flow requires
two fluidic systems: primary and secondary units (see Fig. 1a). The primary unit was mounted
with a perfusion set and was used to generate a laminar flow with a long switching time to provide
a lasting circulation of fluid in the fluidic system. Additionally, the secondary unit without any
perfusion set was used to generate pulsations by interrupting the laminar flow with a frequency of
either 0.5 or 1 Hz. The flow control software creates pulsations by periodically changing the flow
rate during the short switching time of the secondary unit but with a constant flow direction (non-
reversing pulsatile flow). The third flow pattern investigated in this study was oscillatory flow,
created using two fluidic systems with separate perfusion sets but interconnected air pressure
tubing (reversing oscillatory flow). Similar to the pulsatile flow, the primary unit generated a
laminar flow, whereas the secondary unit applied oscillations by reversing the flow direction

alternatively with a frequency of either 0.5 or 1 Hz (1s or 0.5s switching time, respectively).

4.2.3. Experimental Protocol

The ultrasound delivery platform has been reported previously[149]. Briefly, a customized
acoustically coupled inverted microscope (Ti2-A, Nikon, Melville, New York, USA) was
developed by fixing a compatible support and coupling cone for the ultrasound transducer (single-
element 1 MHz, unfocused, diameter 2a = 12.7 mm; A303S-SU, Olympus, Waltham, MA, USA)
on the microscopy platform. The transducer was fixed at a 45 to the normal and 27 mm distance
from the cell monolayer surface. With this setup, the acoustic beamwidth at the microbubble-cell
interface is approximately 3.5 mm. The transducer was driven by a signal generator (Tektronix,
AFG31052 series, Chicago, USA) and amplified by a 150 W power amplifier (Amplifier research,
Model: 150A 100B, Mississauga, USA).
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4.2.4. Fluorescence Markers

For real-time fluorescence imaging, cell nuclei were stained using Hoechst dye (Thermo Fisher)
at a dilution of 1:500 v/v and maintained at 37 C for 10 minutes, followed by washing with PBS
(3x). To wvisualize cell permeabilization induced by ultrasound-stimulated microbubbles,
propidium iodide (PI; 450 uM, P1304MP; Molecular Probes) was used as a real-time marker. This
is a standard stain to differentiate permeabilized from non-permeabilized live cells since it is
impermeable to cells with intact plasma membranes. Upon penetration into the cells, it binds to
DNA, becoming fluorescent by shifting the fluorescence excitation/emission from 493/636 to
535/617 nm. Here, we employ it as a surrogate drug and real-time marker for ultrasound-assisted
enhanced endothelial permeabilization, as has been done previously[333]. As it does not fluoresce
within the bulk solution, real-time recording during treatment of time-dependent cellular
permeability is possible due to the fact that the fluorescence intensity enhances only as it becomes

intracellular.

4.2.5. Immunohistochemistry

To assess the effect of cell cultivation conditions on cell physiology, the endothelial cells were
seeded in the 0.4 mm chamber slides either statically or under a pulsatile flow profile. Two days
post-cultivation, cells were fixed using 2% paraformaldehyde for 30 minutes. Subsequently, cells
were permeabilized using 0.1 % Triton X100 for 10 minutes, followed by blocking the non-specific
interactions with milk powder plus 5 % bovine serum albumin (BSA) for 45 minutes, washed with
BSA (5x). Next, cells were incubated with mouse anti-CD31 (PECAM-1) monoclonal antibody
for 1 h at room temperature, followed by washing (5x) with BSA to remove the unbound primary
antibodies. We are interested in PECAM-1 due to its known role as a mediator in
atherosclerosis[334], [335]. Afterward, cells were incubated with Alexa Fluor 488-conjugated
donkey anti-mouse IgG (A21202, Invitrogen) for one hour, and washed (5x) with BSA. Actin
filaments were counterstained with Alexa fluor 647-labeled phalloidin (A22287, Invitrogen) with
a dilution of 1:400 v/v for 20 minutes and the unbound phalloidin was removed using washing
(5x) with PBS. Cells were stained with either primary or secondary antibodies alone as negative
controls. Cell nuclei were stained with DAPI with a dilution of 1:500 v/v. All the immunostaining
steps were performed at room temperature. At least five random regions from each slide were

imaged using a four-channel fluorescence inverted Nikon microscope with a 40X objective lens.
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4.2.6. Shear Stress Preconditioning on Ultrasound-assisted Membrane
Permeabilization

To examine the effect of cell culture condition on cell susceptibility to sonication, endothelial cells
were cultured in p—Slides with a 0.8 mm channel height, either statically or under pulsatile flow
for two days prior to the ultrasound treatment. For cultivation under pulsatile flow, cells were
seeded statically for two hours, followed by an augmented gradient of shear flow up to 8 or 16
dyne/cm? with a 1 Hz pulsatile frequency. For the ultrasound treatment, cell-seeded slides were
connected to a fluidic system, followed by perfusion of the chamber slides with a cocktail
consisting of Definity™ microbubbles (1:500 dilution) and PI in culture media under pulsatile
flow. Independent of culture conditions, cells were treated under the same two pulsatile flow
regimens as they were cultured with: either at 8 or 16 dyne/cm? at a 1 Hz pulsatile frequency. After
incubating the slide under flow for at least 30s to ensure a homogeneous distribution of
microbubbles, each slide was sonicated (1 MHz frequency, 20 cycles, 1 ms pulse repetition
frequency, 300 kPa peak-negative pressure) for a treatment duration of 4s, while the flow of
microbubbles was maintained throughout the ultrasound treatment. Simultaneously, fluorescence
microscopy recordings were obtained for 90s. The fluorescence microscopy recordings were
started 8s before sonication to obtain information on the extent of baseline PI signal prior to
sonication. Four non-overlapping locations from each sample were acquired (total growth area per
slide of 250 mm?), and the percentage of cells that were permeated under US and microbubble
therapy was quantified using in-house software in MATLAB. The selection of these acoustic
conditions was based on ensuring no cell detachment while exhibiting reliable measurable signal
from the microscopy system over the range of flow rates employed in this study; following our
previous work[149]. Further, the acoustic field in free space as well as the loss of signal due to the
presence of the chamber slide (~5% attenuation of signal) was measured using a hydrophone (Onda
Corp., Sunnyvale, CA, USA, HGL-200); as previously reported[ 149]. Despite this, we do expect
some proportion of reflected ultrasound within the chamber itself, resulting in the potential for an
uneven acoustic field. Given that results and interpretations therein are relative (i.e. the
independent variables are shear preconditioning, flow magnitudes, and flow patterns all under a
fixed ultrasound condition and acoustic field), we do not foresee this as a confounding factor. All
experiments were completed within 10 minutes after commencing flow with the diluted

microbubble agent.
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4.2.7. The Effect of Shear Stress on Endothelial Cytokine Expression Profile

To assess the effect of pulsatile flow on cytokine release from endothelial cells, cells were seeded
under the same pulsatile conditions as for the previous section (8 or 16 dyne/cm?, 1 Hz).
Simultaneously, cells with the same confluency were cultured statically as control (to mimic
ischemic conditions). Two days post-cultivation, 100 pl cell culture media were collected from
each chamber slide, with two repeats for each condition. To examine the cytokine profile, a
multiplex assay was used to analyze 96 human cytokines and growth factors (human immunology
panel, Bio-Rad Laboratories, Hercules, CA). This multiplex assay functions via fluorescent
detection of any array of color-coded beads conjugated to a specific capture antibody. The data
was analyzed via a bead analyzer (Bio-Plex 200, Bio-Rad), which combines 2 lasers and high-

throughput fluidics.

4.2.8. The Influence of Microbubble Perfusion Pattern on Ultrasound-assisted
Permeabilization

To exclude the effect of cultivation conditions on the efficiency of US-mediated therapy,
endothelial monolayers were cultured statically in chamber slides for two days before ultrasound
delivery. First, the impact of pulsatile flow on microbubble-assisted endothelial cell perforation
was assessed by connecting the slides to fluidic systems with either laminar or pulsatile flow (15-
30 ml/min, 0.5-1 Hz). To further explore physiologically relevant flow conditions, a subset of the
slides was connected to the secondary flow unit with an oscillatory flow profile; consisting of
either a flow rate of 8 or 16 ml/min and an oscillation frequency of 0.5 or 1 Hz. In both pulsatile
and oscillatory scenarios, four non-overlapping regions were sonicated with the same ultrasound
conditions as given above, and real-time, simultaneous video recordings with two fluorescence
channels for Hoechst and PI were recorded. The Hoechst channel was employed to determine the
total number of cells within the field of view. To ascertain the overall count of permeabilized cells,
in-house MATLAB software was written to quantify the extent to which cells were permeated over
the 90s recording. As a fluid flow condition control, another subset of the slides was connected to
the primary unit, co-perfused with microbubbles and PI under laminar flow and sonicated with the

same ultrasound conditions.
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4.2.9. Justification of Shear Stress Magnitudes

In-vivo shear stress magnitudes have been reported to range from 10-70 dyne/cm? in healthy
arteries, 1-6 dyne/cm? in veins, and =4 dyne/cm? in atherosclerosis-prone arterial regions[324],
[336]. To examine the role of shear-stress preconditioning in the context of ischemic heart disease,
the selection of shear magnitudes was chosen to represent flow conditions within ischemic (static;
0 dyne/cm?), borderline (8 dyne/cm?) and the lower range of healthy vasculature (16 dyne/cm?).
The flow velocities used to examine non-reversing pulsatile microbubble perfusion on statically
cultured endothelial cells - stated here as flow rates instead of shear stress magnitudes due to the
short perfusion time - do correspond to regions spanning recently re-perfused arterial vessels (~4
to ~8 dyne/cm?). Finally, the dataset confirming the effects of reversing oscillatory shear to mimic
disease-state disturbed flow are within the atherosclerosis-prone range (+2 and +4 dyne/cm?

respectively[325], [337].

4.2.10. Statistical Analysis

All data were analyzed using GraphPad prism and are presented as mean + SEM. The fluorescence
microscopy videos were analyzed using in-house software in MATLAB to quantify the percentage
of cell perforation. The endothelial permeabilization datasets were repeated on at least five
independent samples for each condition. The PECAM-1 mean fluorescence intensity was
quantified using ImageJ from at least 8 random fields of view. Two-tailed, unpaired two-sample
Student’s t-tests were performed to determine the significance in comparison between treatment
groups, using the Bonferroni multi-comparison correction when appropriate. Correlation
coefficients and their associated statistics were calculated in MATLAB. For all datasets, a p-value

of <0.05 was assumed to be statistically significant.

4.3. Results and Discussion

Our previous work confirmed that the flow rate of laminar microbubble perfusion greatly
influenced endothelial permeability and calcium intracellular signaling[149]. Here, we are
examining the influence of shear-stress preconditioning, non-laminar microbubble perfusion, and

their associated correlations as detailed below.
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4.3.1. Shear Stress Preconditioning on Ultrasound-assisted Membrane
Permeabilization

Figure 2a depicts a fluorescence microscopy example of how endothelial culturing condition
influences cell physiological characteristics, such as morphology and cell-to-cell contact. As
illustrated in Fig. 2a, statically cultured cells exhibited a heterogeneous orientation and
morphology, characterized by large extracellular gaps due to the discontinuous distribution of
intercellular junctional proteins. Conversely, cultured cells under pulsatile flow demonstrated a
relatively aligned orientation in the direction of flow, more homogenous morphological features,
and minimal extracellular gaps between cells. More specifically, these microscopy images
highlight the effect of pulsatile flow cultivation on the expression of PECAM-1 (shown in green).
PECAM-1 expression was highly heterogeneous in cells cultured statically, exhibiting regions of
varying intensity. Under pulsatile flow, the expression of PECAM-1 became more pronounced as
the shear-flow increased from 8 to 16 dyne/cm? at 1 Hz pulsatile frequency, as quantified in Fig.
2b ranging from 1.8-2.5-fold increase under shear-flow than static culturing (p<0.01). Note here
that the static culturing condition is denoted as 0 dyne/cm?. Figure 2 also shows how cultivation
condition affects human endothelial cell sensitivity to ultrasound-mediated cell perforation. Here,
we are examining the effect of endothelial culture preconditioning (static and pulsatile flow at
either 8 or 16 dyne/cm? with 1 Hz pulsatile frequency) on the resulting endothelial susceptibility
to ultrasound and microbubble treatment given the same acoustic stimulus. We investigated two
different flow treatment regimes, with microbubbles circulating over the endothelial monolayer
under pulsatile flow of 8 or 16 dyne/cm? to match the culturing conditions. Figure 2¢ depicts a
representative example of the time-lapse microscopy data of preconditioned endothelial
monolayers (static [top] or under a pulsatile flow of 8 dyne/cm? [bottom]) undergoing microbubble
therapy under the same treatment conditions, where the red denotes enhanced permeability as
reported by intracellular PI entry. The first frame from each condition shows a Hoechst staining of
the cell nucleus, which was used to quantify the number of cells in the field of view. Figure 2d&e
summarize our findings. With microbubbles perfusing the endothelial monolayers under a pulsatile
flow pattern of 8 dyne/cm?, those that were preconditioned under shear-flows of 8 or 16 dyne/cm?
exhibited an augmented enhancement of ultrasound-assisted membrane permeability by 1.44 and
2.04-fold (p<0.005) in comparison to those statically cultured, exhibiting an approximately linear

trend (Fig. 2d). Further, those subjected to microbubble treatment under a pulsatile flow rate of 16
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dyne/cm? similarly exhibited an increased sensitization to permeabilization based on shear-stress
preconditioning, increasing by 1.98 (p < 0.001) with 8 dyne/cm? and 1.21-fold with 16 dyne/cm?
compared to static culturing, respectively. It is well established that endothelial cells exposed to
prolonged fluid shear stress elongates their morphology to the direction of flow, in agreement with
the results presented here. PECAM-1 is an established mediator of atherosclerosis and has been
shown to influence the initiation and progression of atherosclerosis both negatively and positively,
depending on the vascular site[338], [339]. Further, PECAM-1 expression is correlated with
increased vascular integrity[339] and changes in endothelial plasma membrane stiffness[340].
From a purely physical perspective, this change in cell morphology should increase the available
cellular surface area — and thus probability for microbubble-cell interactions - for ultrasound-
assisted permeabilization. In addition to this cell area-based argument, the plasma membrane
biomechanics for a given endothelial cell are altered when pre-exposed to fluid shear, one major
effect of which is to induce an increase in plasma membrane fluidity as compared to static
controls[341], [342]. Increased membrane fluidity is correlated with increased passive cellular
permeability[343], and fluid flow shear preconditioning has been demonstrated to increase the
baseline levels of human endothelial cell cellular permeability due to this average increased inter-
phospholipid distance[342]. While not yet thoroughly investigated, there is some evidence that
ultrasound-assisted cell permeabilization is facilitated when plasma membrane fluidity is
increased[344], and thus consistent with the present findings. These results indicate that, overall,
subjecting cells to a pulsatile flow pattern considerably enhances the endothelial cell sensitivity to

the ultrasound-stimulated microbubbles.

4.3.2. The Effect of Shear Stress on Endothelial Cytokine Expression Profile

To further investigate the relationship between shear preconditioning and susceptibility to
ultrasound-mediated permeabilization, we assayed differential endothelial cell cytokine
expression. Our findings indicate that cell cultivation under pulsatile flow at 8 and 16 dyne/cm?
significantly altered the expression of 23 and 25 cytokines/growth factors, respectively, as
compared to the statically cultured monolayers. Significance here is quantified as at least a 2-fold
change that meets the threshold significance level of p<0.05. Figure 3a&b illustrate the volcano
plots containing all the analytes with a concentration within the detectable range of the standard
curve (8 and 16 dyne/cm?, respectively). The analytes with out-of-range concentration, either

below or above the standard curve, were excluded from the volcano plots. In these figures, each
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of the secreted molecules is represented by a circle. Those that exhibited at least a statistically
significant 2-fold increase (log, = 1) or decrease (log, = —1) compared to static controls are
illustrated in red along with nonsignificant and/or smaller changes denoted in blue. The analytes
exhibiting large magnitude differential secretions are then depicted for each flow condition in Fig.
3c&d. It is interesting here to broadly categorize the cytokine functions within two major groups:
angiogenesis and inflammation. Indeed, as expected, induction of prolonged flow significantly
upregulated pro-angiogenesis factors, including vascular endothelial growth factor-A (VEGF-A),
epidermal growth factor (EGF), and fibroblast growth factor-2 (FGF-2) - see Fig. 3e. Among these
factors, the largest magnitude change is VEGF-A, which was upregulated by 10.7-fold and 34.5-
fold (3.43 and 5.11-fold in log,, units) under preconditioning of pulsatile flow of 8 and 16 dyne/cm?
compared to static control, respectively. VEGF-A is a well-known modulator of vascular
development and angiogenesis via its interaction with its endothelial receptor (mainly VEGFR2,
although it also binds to VEGFR1). VEGF-A and other pro-angiogenic factors (e.g. FGF-2) have
been identified as key endothelial survival signals involved in the maintenance of endothelial
homeostasis and vascular integrity[345], the disruption of which helps mediate
atherosclerosis[346]. Indeed, autocrine VEGF signaling — as is the case here — is known to play a
critical role in maintaining endothelial cell viability[347]. It is well understood that VEGF-A,
along with other pro-angiogenic markers, can disrupt endothelial cell-cell contacts (e.g. tight
junctions, adherins), change endothelial cell morphology, and increase vascular leak[348]. Further,
prolonged exposure of endothelial cells to VEGF-A can induce the formation of small pores (i.e.
fenestrations) within the plasma membrane, allowing the uptake of small molecules[349], [350].
It is therefore not particularly surprising that — under the influence of significantly increased
concentrations of these pro-angiogenic cytokines, the endothelial cell membrane is more
susceptible to permeabilization from mechanical perturbations (via microbubble vibrations) than
otherwise, as it is already characterized by increased fluidity. Aside from these, Fig. 3 demonstrates
a consistent downregulation of a broad range of pro-inflammatory cytokines, the majority of which
are shared between the two shear conditions (e.g. G-CSF, M-CSF, MCP-1). It is important to note
here that while some of these pro-inflammatory cytokines have been shown to exhibit time-
dependent increases in secretion under flow for short periods of time (e.g. MCP-1)[351, p. 1],
[352], the data presented here is consistent with prolonged application of shear (>24 hrs). Indeed,

the suppression of the myriad of pro-inflammatory secretions by long-term shear conditioning
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observed here is broadly consistent with many other works in which isolated cytokines were
examined independently[353], [354], as well as with the general downregulation of pro-
inflammatory genes under chronic shear stress observed via microarray data[353], [355], [356].
While it is acknowledged here that the interaction between the complete endothelial secretome and
how it influences the susceptibility of the plasma membrane to an external energy source like
ultrasound is complex, it is perhaps still instructive to dissect the correlation between shear stress
preconditioning and ultrasound-assisted enhanced permeability on an individual cytokine level.
Specifically, Figure 4 depicts nine noteworthy correlations that identify three global categories:
angiogenesis, leukocyte chemotaxis, and lymphocyte chemotaxis, with correlation coefficients R
ranging here from 0.82 < |R| < 0.99. Note that while some display statistically significant
correlations, many are highly trending towards significance. Firstly, it is interesting to note that
ultrasound-assisted permeabilization is highly positively correlated with preconditioning from pro-
angiogenic cytokines (VEGF-A, EGF, FGF-2) — Fig 4a-c. In addition to these relations, ultrasound-
assisted endothelial permeabilization was highly negatively correlated with pro-inflammation
mediators, in particular those that both modulate leukocyte (e.g. MCP-1, GCP-2, MCP-3) and
lymphocyte (e.g. I-TAC, SDF-1, CXCL16) chemotaxis, among more general inflammation
markers (e.g. IL6, not shown). Indeed, many of these mediators can act in autocrine and play a
role in endothelial migration and physiology (e.g. CXCL16[357], MCP-1[358]). It is of interest to
note that the endothelial plasma membrane itself is a known mechano-sensor, and when placed
under shear stress exhibits a marked reduction in its cholesterol content[359]. This has implications
when considering lipid rafts — a potent platform for signal transduction — the disruption of which
can hinder cytokine signaling and attenuate the cytokine response[360], [361]. In fact, the majority
of differentially secreted cytokine/chemokines were downregulated under flow (Fig. 3c&d) and
thus correlate negatively with membrane fluidity and ultrasound-assisted membrane

permeabilization (Fig. 4d-41).

4.3.3. Microbubble Perfusion Flow Pattern and Endothelial Cell
Permeabilization

Irrespective of preconditioning, we next explored how the fluid pattern of the perfusing
microbubbles during ultrasound treatment modulated the therapeutic result. Firstly, pulsatile
perfusion was compared to flow rate-matched laminar perfusion (Fig. 5). Representative

microscopy images (Fig. 5a) reveal qualitatively that pulsatile flow results in an increase of

83



ultrasound-assisted membrane permeability, the effects of which are quantified at two flow rates
of 15 and 30 ml/min in panels Fig. Sb&c. At the faster flow rate of 30 ml/min, endothelial cells
subjected to ultrasound therapy under a pulsatile flow, with either 0.5 or 1 Hz pulsation frequency,
demonstrated a significant enhancement in membrane permeability as compared to those treated
under laminar flow by 1.62-fold (p < 0.05) and 2.05-fold (p < 0.001), respectively. We further
confirmed this trend by examining the differential permeability between these two treatment flow
patterns at a slower flow rate of 15 ml/min (Fig. 5c). Pulsatile flow with 1 Hz pulsing frequency
similarly enhances the extent of cell permeability compared to a flow-matched laminar condition
(1.69-fold, p<0.001), however when the interval of time was increased (0.5 Hz) at the slower flow
rate, we failed to see an elevated percentage of endothelial cell perforation. We next examined the
more complex scenario of microbubble perfusion under reversing oscillatory flow, shown in Figure
6, under two physiological shear-rates (2 dyne/cm? and +4 dyne/cm?). First, we examined this
effect at a relatively slow flow rate of £8 ml/min (3.33 cm/s), in which, independent of oscillation
frequency, there was no observable cell permeabilization. When increasing the flow rate to £16
ml/min, oscillatory flow at 0.5 Hz increased the percentage of permeabilized cells by 1.76-fold (p
< 0.005). While reversing oscillatory flow at 1 Hz at this flow rate yielded no significant change
as compared to laminar flow, it still indeed induced permeation (unlike at the slower flow rate). To
place the results of the effect of microbubble perfusion pattern on ultrasound-assisted membrane
permeabilization into context, it is perhaps instructive here to first consider the purely physical
argument of local microbubble density and proximity to the endothelial layer. In first considering
the non-reversing pulsatile data (Fig. 5), the flow rate of 30 ml/min corresponds to a linear velocity
of 12.5 cm/s, given the cross-sectional area of the flow chamber. At this velocity, the microbubbles
travel the length of the projected acoustic focus (3.5 mm) in 2.8 ms, with a microbubble
displacement of 1.25 mm during the 1 ms PRI (~3 ultrasound bursts per microbubble in principle).
During the intervals in which flow is temporarily stopped, the microbubble population will tend
towards size stratification via differential flotation[185]. Relatively speaking, these intervals are
rather large (1000 ms and 500 ms for 0.5 and 1 Hz pulsing frequency, respectively) compared to
the ultrasound PRI, and represent a significant percentage of the treatment duration — fixed to 4 s
in this study. In this arrangement and within a fixed time period, the bubble size distribution within
close proximity to the endothelial layer slightly shifts to smaller bubbles. Estimation of this

differential flotation away from the endothelial monolayer by Stoke’s equation yields a ~0.5-35
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pum shift for bubbles ranging in radius from 0.5 < r < 4 pum within 1 second of flow cessation
(0.5 Hz), for example. While this translation may not represent a significant change within the
acoustic focus (<< 1%), it does bring the microbubbles within closer proximity to each other.
Indeed, at the bubble dilution used here, the average inter-bubble spacing is ~25 pm. With a net
displacement on the order of tens of microns (i.e. very small inter-bubble spacings), we can expect
to see significant vibrational effects due to the influence of one microbubble on another[362].
Further, the probability of microbubble-microbubble interactions via secondary radiation forces,
for example the coalescence of two or more bubbles into a larger bubble, is increased at these
shorter inter-bubble distances. It is also important to consider microbubble residence time within
the acoustic beam (e.g. for the bubbles arrested within the beam for 1 s, the same/similar population
will be interrogated 1000 times at this PRI). This represents a trade-off between the propensity of
eliciting sufficient microbubble vibration to include membrane permeabilization[152] versus the
likelihood for microbubble disruption (and therefore no more sources of localized stresses to
permeate cells), both of which increase with number of transmit bursts. At some point during the
acoustic pulse, it is indeed probable that microbubble disruption occurs and thus bubble
replenishment by the resuming of flow will contribute positively to the number of endothelial cells

undergoing ultrasound-assisted permeabilization.

The interactions between the microbubbles circulating under reversing oscillatory flow and the
endothelial layer were more heterogeneous (Fig. 6). Circulation of microbubbles flowing at the
slower speed (£8ml/min) corresponds to a linear travel distance of 33.3 pm within the 1 ms PRI,
which is approximately the length of the two endothelial cells. In principle, at this slow of a rate,
the microbubbles that are entering the acoustic beam are likely undergoing acoustically induced
disruption (subjected to ~105 ultrasound bursts while within the acoustic focus). Thus, even within
the first positive phase of oscillatory motion, there would be no more microbubbles able to re-enter
the acoustic beam — either distally (reverse phase of fluid motion) nor proximally (forward phase)
to the acoustic focal zone. At the faster flow rate of 16 ml/min (6.66 cm/s), our hypothesis here is
that only partial disruption occurred and thus enables the replenishment of new microbubbles
within the acoustic focus. It is important to note here that, even at the slowest microbubble flow
rates employed, the imaging frame rate used here (~50 Hz) is too slow to obtain reliable
information on microbubble population pattern and acoustically induced disruption. Simultaneous

bright-field imaging with a fast-frame camera, with frame rates on the order of kHz, would be an
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invaluable tool to shed mechanistic insight into the relationship between microbubble translational

dynamics and endothelial permeabilization under flow, and is the subject of future endeavors.

4.4. Conclusion

The effects of fluid flow and the resulting shear stress on microbubble-mediated endothelial cell
permeabilization was investigated in two contexts. First, sustained shear-stress preconditioning of
human endothelial cells increases their susceptibility to ultrasound-assisted cell membrane
permeabilization under identical acoustic stimulation up to 2-fold as compared to non-
preconditioned cells. Multiplex examination of the endothelial secretome under these conditions
revealed correlations between enhanced ultrasound-assisted cell membrane permeability and
expression of cytokines involved in angiogenesis (e.g. VEGF-A, EGF, FGF-2) and inflammation
— including both leukocyte (e.g. MCP-1) and lymphocyte (e.g. SDF-1) chemotaxis. Secondly, the
microbubble fluid flow pattern (non-reversing pulsatile, reversing oscillatory) as it perfuses
endothelial cells significantly modifies the efficiency of this treatment technique given the same
acoustic stimulus, resulting in up to a 2.4-fold increase in the percentage of permeability when
treated under pulsatile conditions versus a flow rate-matched laminar flow, depending on the
specific flow parameters. Reversing oscillatory fluid flow, as compared to laminar flow, can result
in up to a 1.7-fold increase or a complete shutdown for endothelial membrane permeability,
highlighting a more heterogeneous response. The results from both of these contexts emphasizes
the fact that microbubble-assisted therapeutics is strongly dependent on both the pathophysiology
of the vascular compartment and the local microbubble density and distribution as it perfuses the
vasculature. Among others, this work has implications for emerging anti-inflammatory drug

delivery approaches for atherosclerosis, which have had recent success in clinical trials, whereby
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Figure 4.2: Schematic overview of the experimental apparatus and flow conditions. a) Sample timing

diagrams illustrative of the flow patterns used in this study, depicting laminar flow (left), non-reversing

pulsatile flow (middle), and reversing oscillatory flow (right). Pulsatile and oscillatory flow frequencies

ranged from 0.5-1 Hz (1-0.5 s switching time), and the ultrasound experiments were conducted for a fixed

duration of 4 s. See specific experiments for details on shear magnitude/flow velocity, and the Methods text

for the justification of their values in the context of healthy and atherosclerosis-prone regions. b) Overview

of the tubing arrangements for the ibidi units required to achieve such flow patterns. ¢) Schematic view of

the ultrasound pulsing scheme used throughout this work, as well as the acoustically-coupled microscopy

system employed to examine microbubble-assisted endothelial permeability under flow.
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Figure 4.2. Endothelial cell cultivation under pulsatile flow sensitizes cells to ultrasound-mediated
cell permeabilization. a) Human endothelial cells were cultivated in chamber slides either statically or
under pulsatile flow with shear stress magnitudes of either 8 or 16 dyne/cm? for two days.
Immunofluorescence staining was performed for PECAM-1 (green). Fluorescence microscopy images
demonstrate that cell cultivation under pulsatile flow leads to a more uniform cellular morphology,
organized cell-to-cell contact, and reduced extracellular gaps between endothelial cells, as compared to
statically cultured cells. Scale bar is 50 um. b) Quantification of PECAM-1 expression illustrates a direct
correlation between pulsatile shear flow and PECAM-1 expression. c) A representative example of time-

lapse microscopy images from endothelial cells that were cultured either statically (top panel) or under
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pulsatile flow (bottom panel) during ultrasound treatment. Flow condition during ultrasound treatment

remained constant within different subgroups. Nuclei were stained with Hoechst (blue) and the surrogate

macromolecule (red) was used to indicate cell membrane permeabilization. d) Endothelial cells with

microbubbles perfusing via a pulsatile flow of 8 dyne/cm? or €) 16 dyne/cm? exhibited an increased

susceptibility to ultrasound-mediated cell permeabilization versus statically cultured cells (noted here as a

culture shear-flow of 0 dyne/cm?). The magnitude of this effect increased with variations in shear flow

during cultivation and microbubbles perfusion velocity. Asterisks denote statistical significance.
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Figure 4.3. Prolonged pulsatile shear-flow modulates human endothelial cell secretome. a,b) Volcano
plots illustrating modulation of cytokine expression when exposed to 8 dyne/cm? or 16 dyne/cm? in
comparison to statically cultured cells. Every analyte examined is represented with a circle — the ones shown
in red demonstrate at least a 2-fold change and are statistically significant (dotted lines represent 2x increase
[log, = 1] or 2x decrease [log, = —1], and the vertical line represents the line above which p<0.05),
whereas the blue dots represent analytes with a small change (less than 2-fold change) or no change, and
are not statistically significant. ¢, d) Identification of those analytes with significant and large magnitude
differential secretions upon endothelial cell cultivation (the red circles in the volcano plots). Select
examples are shown for three cytokines with known involvement as e) pro-angiogenic and f) pro-
inflammatory. Prolonged shear-stress preconditioning showed similar effects at both shear magnitudes:
significantly downregulating many important factors of the endothelial secretome (e.g. pro-inflammatory)

and upregulating those with pro-angiogenesis properties.
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Figure 4.4. Microbubble-mediated human endothelial permeability is directly correlated with

the presence of pro-angiogenesis markers and inversely correlated with pro-inflammatory ones.

a-c) This first column highlights the general positive correlation of VEGF-A, EGF, and FGF-2 and

ultrasound treatment — three cytokines with well established roles in angiogenesis. All other analytes

show an inverse correlation, including those involved in d-f) leukocyte (MCP-1, GCP-2, MCP-3) and

g-i) lymphocyte (I-TAC, SDF-1, CXCL16) chemotaxis. Pearson correlation coefficients range from

0.82<|R|<0.99, and statistical significance is shown within the panel for each analyte. It is important

to note here that many of these are trending towards significance, including others not shown here (e.g.

IL6). The ultrasound permeabilization quantity shown is normalized to its maximum, taken from the

data obtained when treated at 8 dyne/cm?. This data is strongly suggestive that the local cytokine

environment in which the endothelial cells are situated modifies its susceptibility to external

perforation.
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Figure 4.5. Pulsatile perfusion of microbubbles influences ultrasound-mediated endothelial cell
permeabilization. a) Representative fluorescence images at the end of recording (60 s), illustrating
macromolecular uptake under varying flow profiles. Data shown for microbubbles perfusing at 15ml/min (top
panel; ~4 dyne/cm?) and 30 ml/min (bottom pane, ~8 dyne/cm?). The scale bar is 50 um. b) The extent of
microbubble-mediated cell perforation significantly increases when perfused at 15ml/min at 1 Hz pulsation
frequency (1.69-fold, p < 0.001), while increasing the flow rate to 30/min elevated cell perforation as
compared to laminar flow at 0.5 Hz and 1 Hz respectively (1.9-fold, p < 0.05; 2.4-fold, p < 0.001). These
observations underscore the significant influence of microbubble flow dynamics on ultrasound-mediated cell
perforation efficacy. Note that laminar flow here is indicated by a pulsing frequency of 0 Hz. Please note that

no shear preconditioning was applied here (cells were cultured statically).
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Figure 4.6. Oscillatory flow perfusion enhances ultrasound-mediated cell permeabilization when
characterized with high flow velocity and low oscillation frequency. a) Representative fluorescence
microscopy examples illustrating microbubble-induced cell perforation — indicated here by the presence of
an otherwise impermeable macromolecular in red - under varied flow conditions with shear flows of either
8 ml/min (top; =2 dyne/cm?) or 16 ml/min (bottom; £4 dyne/cm?). Scale bar is 50 pm. Statically cultured
cells were perfused with microbubbles under three flow profiles: i) laminar (blue bars), and oscillatory with
oscillation frequency of 0.5 Hz (orange bars) orl Hz (grey bars) and fluid velocity of either b) 8 or ¢) 16
ml/min. Our results demonstrate a significant enhancement in cell permeability when microbubbles flow at

16ml/min at 0.5 Hz frequency (1.76-fold, p < 0.005), whereas 1 Hz oscillation frequency fails to elevate
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cell perforation. Interestingly, when perfused at the slower speed of 8 ml/min, a complete suppression of
cell permeabilization was observed for either oscillation frequency condition. Note that laminar flow here
is indicated by an oscillation frequency of 0 Hz. Please note that no shear preconditioning was applied here

(cells were cultured statically).
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5. Shear stress and microbubble-mediated modulation of endothelial cell
immunobiology

Chapter 3 and 4 established the influence of fluid flow on endothelial cell permeabilization, both
in cell preconditioning and during the treatment. Building on this, manuscript published as:
Memari et al., Small (2024) explores the effects of shear stress on endothelial immunobiology,
with the goal of improving immune cells recruitment and trafficking to the tumor site in future
studies. This study specifically focuses on examining the time-dependent influence of shear flow
and microbubble-induced shear stress on endothelial cell immunobiology. To this aim, endothelial
cell cytokine profile and surface expression of CAMs involved in immune cell trafficking was

investigated at different time points post-sonication.
Abstract:

Cellular immunotherapy remains hindered in the context of solid tumors due to the
immunosuppressive tumor microenvironment, in which key endothelial cell signaling and
adhesion molecules (CAMs) are suppressed. Microbubble-mediated focused ultrasound is being
explored for targeted immunotherapy and can exert local shear-stress upon neighboring endothelial
cells. However, fluid and microbubble-induced shear modulation of endothelial immunobiology
is not well understood. Here, we examined the influence of both types of shear-stress on CAM
expression and secretion of over 90 cytokines using acoustically-coupled microscopy. Fluid flow
resulted in time-dependent modulation of CAM expression, where ICAM-1 expression peaked at
4h (1.98-fold, p<0.001, HUVEC) and 24h (1.56-fold, p<0.001, HBEC-5i). While some
chemokines were significantly enhanced (up to 16.2-fold; p<0.001) from both endothelial cell
types (e.g. IL-8, MCP-1, MCP-3), others were differentially expressed (e.g. CCL5, CXCL-16,
SDF-1). Under identical ultrasound conditions, ICAM-1 expression at 4h post-sonication was
increased (~1.4-fold, p<0.01) and resulted in large-magnitude (>2-fold) and significant (p<0.05)
differential expression of 20 cytokines, most of which had immune-activating function and within
a subset of those induced by shear-flow. Microbubble-mediated ultrasound positively regulated
ICAM-1 expression and the human endothelial secretome towards an immune cell recruitment

paradigm, and thus potential to reinforce cellular immunotherapy efforts for solid tumors.
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5.1. Introduction

In recent years, cancer immunotherapy has had major successes in the field of oncology —
techniques of which include monoclonal antibody therapy (e.g. rituximab targeted against CD20)
and more recently immune checkpoint blockade (e.g. pembrolizumab targeted for PD-1). In
addition to antibody-based strategies, a subset of immunotherapy in which immune cells are either
expanded (adoptive cell transfers) or engineered (chimeric-antigen-receptor; CAR) ex-vivo to
specifically express a given TCR with hyper affinity — cellular immunotherapy — has been recently
deployed. There have been over 1000 clinical trials worldwide investigating the use of CAR T
cells, most in lymphoma or leukemia using CDI19-specific CARs[363], [364]. Indeed, this
relatively new treatment paradigm has had extraordinary results in blood-borne cancers; for
example, the results from the ELIANA trial showed an overall remission rate of 81% at 3
months[365] in patients with relapsed or refractory acute lymphoblastic leukemia (ALL) and no
other treatment options, with a median event-free survival of 24 months[366]. Despite this, cellular
immunotherapy approaches have had limited success when targeting solid tumors (e.g.
glioblastoma, renal cell carcinoma, colorectal cancer[367]). This can be attributed to numerous
physical and biological immunosuppressive factors including antigen heterogeneity, the
downregulation of tumor-specific endothelial cell surface expression of adhesion molecules (for
instance ICAM-1, MadCAM-1), creating immunologically inaccessible sites (physical barriers
like collagen and fibrin prevent the entry of immune cells), and tumor-induced immune
suppression within the microenvironment (e.g. release of factors that directly inhibit T cells or
induce regulatory T cells)[368], [369]. Further, solid tumor mechanopathology factors (e.g.
increased tumor stiffness)[370] can cause extensive vascular compression and heterogenous blood
flow and shear stress profiles, further impeding the success of cellular immunotherapeutic
approaches[371]. In this context, shear stress plays a critical role in modulating endothelial cell
immunobiology within the tumor microenvironment (TME). Shear force sensed by the endothelial
cell mechanosensory molecules (e.g. cytoskeleton, integrins, growth factor receptors, ion channels,
and several cell adhesion molecules) influence the signaling networks involved in inflammatory
responses[372]. Therefore, shear-mediated mechanisms that can modulate suppressive nature of

TME hold a significant potential for improving cellular immunotherapy.

Focused ultrasound is an innovative therapeutic strategy capable of exerting various bioeffects

through both thermal and mechanical mechanisms. In hyperthermia, a regime characterized by a
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mild temperature rise (~up to 43°C,) an immune response can be elicited by releasing cell debris
and activating antigen presenting cells[373], and can augment chemotherapy and radiotherapy
approaches[59]. At higher acoustic intensities, the nonlinear effects of US can increase the
temperature beyond 60°C, known as thermo-ablation. This technique, capable of causing rapid
tissue necrosis, is currently approved for the treatment of essential tremor and tremor-dominant
Parkinson’s disease[59]. In addition to thermal effects, another mechanism is via mechanical
effects which can be exploited with or without clinically used contrast agent microbubbles to apply
diverse bioeffects. An emerging strategy is utilizing a combination of low intensity ultrasound with
microbubbles, which can locally and reversibly modulate the permeability and gene expression of
the neighboring vasculature and surrounding tissue[263], [374]. The most clinically advanced
application of the latter is in the temporary opening of the blood-brain-barrier[274], which has
been examined as a targeted drug delivery approach in the contexts of neurodegenerative disease
(Alzheimer’s[231], ALS[165], Parkinson’s[375]), and neuro-oncology[241], [376] [20-22].
Indeed, the delivery of immunomodulating agents to brain tumors using this method, including
monoclonal antibodies[251], has reached the clinical trial stage, with many other types of immune-

altering agents currently under pre-clinical investigations[329].

Aside from the targeted delivery of a therapeutic, ultrasound treatment has been shown to modulate
intracellular signaling[162], including the release and expression of pro-inflammatory factors[57],
[377]. Indeed, on a single-cell level, ultrasound-stimulated microbubble response has shown to
exhibit physical forces (e.g. shear) on neighboring endothelial cells[148], to cause reversible
alterations in both plasma membrane permeability[152], [153] and vascular permeability[151],

[378], and to initiate sustained calcium ion entry and downstream signaling[149], [330].

Given the heterogeneous TME, including the physiological hostile milieu and abnormal shear-
stress patterns exerted on endothelial cells, our objective here is to ascertain the extent to which
microbubble-assisted ultrasound treatment alters endothelial cell immunobiology and to make
qualitative connections to flow-induced shear stress, with a view towards enhancing immune cell
trafficking and recruitment. Using two human endothelial cell lines of differing origins (umbilical
vein HUVEC; brain microvasculature HBEC-51), we first examined the shear-flow induced
changes in key immune-cell recruitment surface molecules ICAM-1 and MadCAM-1 and the

endothelial secretome in a time-dependent manner. Next, using acoustically-coupled microscopy,

97



we explore the ultrasound conditions that, when used with perfusing microbubbles, modulate these
same endothelial markers and observe how these secreted factors change as compared to untreated,
sham controls. Finally, we conclude with implications of our results in the broad context of

ultrasound-assisted immunomodulation.

5.2. Results and Discussion

5.2.1. The Influence of Shear Flow Preconditioning on Cell Adhesion Molecule
Expression

As depicted in Fig 1, we first investigated how endothelial cell cultivation under shear flow affects
cellular morphology. Shear flow preconditioning led to a more physiologically relevant
morphology, characterized with cell elongation in the direction and well-defined cell-to-cell
contact. In contrast, statically cultivated cells exhibited a heterogeneous morphology, and large
extracellular gaps between cells with random orientation (Fig. 1b). Then, we examined the extent
to which shear flow preconditioning influences the expression of CAMs on HUVECs, a more
commonly studied human endothelial line of venous origin (Fig. 2a-c). Fig 2a depicts
representative micrographs of ICAM-1 (green) and MadCAM-1 (red) expression at different time-
points of ongoing shear. Quantification of these expression profiles revealed maximum expression
of ICAM-1 as early as 4 hours after flow exposure (1.98+0.15-fold increase compared to no flow,
p<0.001), a transient short-lived effect as evidenced by its decrease back to baseline levels by 8
hours (Fig. 2b). The shear-stress induced surface expression of ICAM-1 — a major regulator of
leukocyte trafficking to inflammatory sites — has long been known to exhibit time dependence.
Indeed, the data presented here is consistent with previous works in which an approximate 2-fold
increase was observed between 4-6 h and returned to baseline by >8 h[379], [380]. The MadCAM-
1 profile (Fig. 2¢), however, responded quite differently to the flow shear stress, locally peaking
slightly after 1h and then reaching a global minimum by 4 h (0.67+0.18, fold compared to no flow
p<0.05). MadCAM-1 expression has been observed on the brain endothelium in chronically
inflamed cerebral vasculature associated with autoimmune encephalomyelitis. It has been
suggested that MadCAM-1 is involved in the homing of a4p7-integrin expressing
lymphocytes[381]. While to our knowledge there is no direct information on the effect of shear
flow on MadCAM-1 expression profile, we can perhaps intuit an understanding by examining

VCAM-1, which shares a similar pattern to shear flow preconditioning. It has been shown that
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under laminar shear stress, VCAM-1 significantly downregulates in a time-dependent manner,

leading to a reduced number of lymphocytes adhering to the endothelial cells[382].

Next, we conducted the same experiments examining shear stress preconditioning and surface
expression of ICAM-1 and MadCAM-1 on HBEC-5i (Fig. 2d-e). Similar to HUVECsS,
quantification of microscopy images revealed a time-dependent upregulation of ICAM-1 on
HBEC-5i (Fig 2d), however with a peak increase in expression observed at 24 hours (1.56-fold
compared to static, p<0.001), returning to baseline levels by 48 hours — resulting in a relatively
delayed response compared to HUVECs (Fig. 2b). A similar comparative effect is shown with
MadCAM-1 (Fig. 2e), in which the surface expression exhibited by HBEC-5i reached a minimum
much later than HUVEC, here at 24 h (0.48+0.10 compared to static, p<0.001). While, to the best
of our knowledge, time-dependent shear flow CAM surface expression of human brain endothelial
cells has never been reported, our dataset is broadly consistent with previous work by Cucullo et
al.[383] in which they demonstrated a small flow-mediated increase (~1.25-fold) in both ICAM-1
and MadCAM-1 gene expression in human brain endothelial cells, albeit under an entirely different
flow regime. Further, work by Rochfort and Cummins[384] demonstrated the time-dependent
shear-induced (8 dyn/cm2) expression of thrombomodulin in human brain endothelial cells,

peaking at 24 hours — similar in timescale to what we report here for I[CAM-1.

It is not entirely surprising that the temporal nature of shear-induced CAM expression differs
between the human brain microvascular cells (HBEC-5i) and umbilical vein endothelial cells
(HUVEC:). It has been long demonstrated that both native levels and pro-inflammatory cytokine-
induced expression of ICAM-1 are amplified in HUVEC compared to human brain endothelial
cells[385], a subset of data that confirms drastic differences in static CAM surface expressions

across human endothelial cell types of distinct origins[383], [386], [387].

5.2.2. The Effect of Shear Flow Preconditioning on Endothelial Cell Secretome
Given the heterogeneity in flow-induced shear stress within the TME and its relation to disease
progression (e.g. glioblastoma[388], [389]), we investigated the secretome of these cells under the
same shear flow condition as above, to gain deeper insight into the physiological influence of shear
flow preconditioning on endothelial cell immunobiology. Further, we assayed endothelial
secretome as a function of time at the same time points as determined from our surface ICAM-1

expression dataset. In Fig. 3a, the fold-change in shear-induced cytokine expression compared to
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static control as a function of time is displayed for both HUVEC and HBEC-51, in which the color
is indicative of the magnitude of change (blue is a decrease; red is an increase) and star symbols
denote statistical significance. Here, only analytes that exhibited significant signal above the noise
floor are shown. With respect to the HUVEC secretome, we observed a significant decrease in the
secretion level of a subset of factors such as SDF-1, CXCL-16, CCL5, EGF, FGF-2, IL-1a, VEGF-
A, TNF-B, CCL28, and ENA-78. The observed results for HUVEC align with previous studies,
reporting that high laminar shear stress under short durations suppresses the signaling pathways
involved in the pro-inflammatory responses[390], [391]. As displayed in Fig. 3a, there is a stark
contrast when considering the HBEC-51 secretome, which revealed a significant increase in the
concentration of 19 cytokines, chemokines and growth factors including GRO-a, IL-6, IL-8, MCP-
I, RANTES, TNF-a, VEGF-A, SDF-1, M-CSF, PDGF-AA, sCD40L, TNF-, CCL28, CXCL16,
ENA-78, GCP-2, IL-11, LIF and SCF.

A global summary of cytokine fold-change expression at both 4 hours and 16 hours under shear is
depicted in Fig. 3b-c for both endothelial cell lines. Here, this plot represents the total number of
cytokines that were either upregulated or downregulated at time points shared by the two
endothelial cell types. For HUVECs under shear flow (Fig. 3b), there is an approximate even
distribution between those cytokine secretions that exhibited an increase (10 at 4 h; 8 at 16 h) and
a decrease (11 at 4 h; 13 at 16 h) under shear. Conversely, the human microvasculature brain
endothelial cells (Fig. 3¢) exhibited more increased cytokine production (17 at 4 h; 19 at 16 h),
with relatively few factors in reduction (6 at 4 h; 4 at 16 h) under shear preconditioning. Indeed, it
is perhaps useful here to examine the differences in the absolute value of cytokine concentration
(pg/mL) exhibited by these two human endothelial cell types. The absolute levels of six cytokines
under shear (Fig. 3e-f) highlight that, even among the cytokines in which both endothelial cell
types secrete significantly more compared to static conditions (Fig. 3a), HBEC-5i endothelial cells
produce these cytokines in vastly larger amounts, ranging from 2.2 to 36-fold more than HUVEC
under the same conditions. Of note, SDF-1 and TNF-B are exceptions here, with HUVEC showing
1.34 and 16.59-fold higher concentration in comparison with HBEC-51 at 4 h shear
preconditioning. However, SDF-1 and TNF-B concentration increased rapidly in HBEC-5i over
time, reaching 2.58 and 2.22-fold higher than HUVEC at 16 h shear flow, respectively. These

observations suggest that brain microvascular endothelial cells not only have higher baseline levels
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of multiple inflammatory cytokines, but also demonstrate a more pronounced response to laminar

shear stress by substantially enhancing the secretion of these key cytokines.

One of the clearer results from this figure is the heterogeneity in shear-stress mediated time-
dependent secretome expressed by the two endothelial cell types — further articulated in Fig. 4.
Some signaling molecules were differentially expressed (e.g. CCL5, SDF-1, TNF-B were
increased from HBEC-5i up to 16.2-fold but decreased from HUVEC up to 0.75-fold; p<0.001),
with others, including TNF-a, CXCL-16 and LIF, expressed highly in HBEC-51 (up to 7.2-fold,
p<0.05), yet not at all from HUVEC (Fig. 4d-f). A possible explanation for the observed differences
in endothelial secretome changes in response to the 9 dyn/cm2 shear stress used here may be
related to the magnitude of this shear stress in relation to its normal, physiological levels. Indeed,
endothelial exposure to high laminar shear stress (relative to its baseline) leads to suppression of
pro-inflammatory pathways through the inactivation of NADH oxidase, whereas low shear stress
exposure leads to the production of ROS by activation of NADH oxidase, which subsequently
leads to oxidative stress and promotes an inflammatory response[392], [393]. The shear stress used
here is slightly higher than the physiological shear range for HUVEC, which might explain the
downregulation of most pro-inflammatory cytokines for this cell type. For HBEC-5i, in contrast,
it is actually in the lower range of the physiological shear for human brain capillaries, which may

contribute to the activation of pro-inflammatory pathways.

Despite the observed differences in the effect of shear flow on the secretion level of most analytes
from HBEC-51 as compared to HUVEC, multiple factors including MCP-1, PDGF, IL-6, IL-8,
GRO-a, EGF and FGF-2 showed a similar trend in both cell types (Fig. 4 g-1). These factors were
significantly increased (up to 8.8-fold; p<0.001) from both endothelial cell types under flow
throughout the time range analyzed (Fig. 4c). Exposure to high laminar shear stress has been shown
to activate the NF-«kB pathway, which is consistent with factors including PDGF, IL-6, IL-8, and
MCP-1[382]. While other studies reported that laminar shear flow increases the level of growth
factors such as FGF-2 and EGF, we observed a decrease in the concentration of these factors after
exposure to shear flow in both HBEC-5i and HUVEC. This conflicting observation could be
attributed to a difference in the exposure time to the shear stress, the magnitude of shear stress,

and the cell type[382].
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As many of these cytokines have been shown to be involved in mediating inflammation and CAM
expression, we sought to next correlate individual cytokine concentration with CAM expression,
with a specific focus on ICAM-1 for HUVEC and HBEC-5i endothelial cells, shown here in Figure
5. It has been shown that chemokine signaling transiently expedites the rolling and adhesion of
immune cells by stimulating the generation of high avidity integrins within seconds of shear flow
exposure, leading to firm adhesion of leukocytes to immunoglobulin family cell adhesion
molecules such as ICAM-1, VCAM-1 and MAdCAM-1 on the endothelial cells[394]. This
indicates that the upregulation of chemokines and immunoglobulin family of adhesion molecules
in an inflammatory condition probably takes place in close succession, both facilitating the firm
adhesion of rolling immune cells to the endothelium in an inflammatory condition[54]. Regarding
the direct influence of cytokines on the expression of ICAM-1 in either HUVEC or brain
endothelial cells, most studies focused on TNF-a and IL-1, as it has been reported that they are
the key mediators of CAM modulation[395], [396]. O’Carroll et al [395] studied the effect of pro-
inflammatory factors, specifically TNF-a and IL-1p, on the immunophenotype features of brain
endothelial cells including the surface expression of ICAM-1, revealing a differential response of
brain endothelial cells to IL-1B and TNF-a. The treatment of brain endothelial cells with TNF-a
and IL-1P (5 ng/mL) triggered an inflammatory response, followed by a substantial increase in the
secretion of 13 inflammatory factors including soluble ICAM-1, soluble VCAM-1, IL-6, IL-8,
MCP-1, and CCLS5. They showed that the elevated levels of CCL5 and IL-8 were associated with
TNF-o-mediated inflammatory response. This is consistent with our results, observing a
simultaneous increase in the secretion of TNF-o, CCLS5 and IL-8 in HBEC-51 under laminar flow,
with the latter two possibly secondary to the enhanced level of TNF-a. In contrast, the level of
TNF-o in HUVEC remained negligible over time, potentially explaining the downregulation of
CCL5 and several other inflammatory cytokines in HUVEC. While IL-8 secretion level in HUVEC
increased over time up to 2.7-fold, this increase was less pronounced than HBEC-51, which showed
5.7-fold enhancement in the IL-8 concentration under the same condition, likely attributed to the
higher concentration of TNF-a in the HBEC supernatant. Additionally, this study showed that
conditioning of brain endothelial cells with a range of 50 pg/mL to 50 ng/mL TNF-a and IL-1f
directly upregulated the surface expression of ICAM-1 at 24 hours post treatment[395]. Another
study reported that the increased local concentration of chemokines considerably reduces the

rolling distance of immune cells before their arrest at the site of inflammation, which confirms the
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supplementary role of chemokines and cell adhesion molecules in the adhesion of immune cells to
the endothelium[397]. Two examples are IL-8 and MCP-1, shown to stimulate the firm adhesion
of CXCR1/CXCR2-expressing neutrophils and CCR2-expressing monocytes to the endothelium,
respectively. As illustrated in Fig. 5, the correlation of ICAM-1 expression with IL-8 and MCP-1
under shear flow in HUVEC and HBEC-5i follows a non-linear pattern, with the peak ICAM-1
expression happening at 4- and 24-hours of shear flow preconditioning, whereas the IL-8 and
MCP-1 secretion continue to increase over a time course of 48 hours under flow condition.
Theofilis, et al.[398] suggest that following the elevated level of inflammatory cytokines, critical
cell adhesion molecules for rolling and adhesion of leukocytes, including ICAM-1, VCAM-1, E-

selectin and P-selectin will be upregulated on the endothelium, which is consistent with our results.

5.2.3. Ultrasound-assisted Treatment During Microbubble Perfusion

With controlled shear-flow modulation as a basis, we next treated human endothelial monolayers
under flowing microbubbles with ultrasound; first using HUVECs. Employing the flow-based data
as a point of comparison, we compared ICAM-1 surface expression at 1 and 4 h post-sonication.
Globally, we observed a modest increase in ICAM-1 expression ranging from 10-30% when
treated with any of the ultrasound conditions employed here compared to sham controls (Fig. 6a-
c); with 150 kPa for 2 min and 4 min, along with 210 kPa for 1 min obtaining statistical significance
(p<0.05 for all three of these conditions). Furthermore, the responses due to ultrasound treatment
on HBEC-51 were similar (Fig. 6d-e), reaching increases of surface ICAM-1 expression of 1.33-
fold and 1.36-fold at the 150 kPa for 2 and 4-min treatments compared to untreated sham controls
(p<0.03; p<0.02 respectively) at the 4-h post-sonication time-point. Indeed, our results here are
consistent with studies that have explored the response of focused ultrasound and microbubbles
on rodent brain vasculature. While direct comparisons are difficult due to the native acoustics and
immunology differences between models, a subset of these in-vivo studies note that focused
ultrasound treatment to the brain can result in a 2.1-fold increase in the number of ICAM-1
expressing cells[256], an approximate 2.5-fold increase in ICAM-1 gene expression[377], and an
estimated 2.5-fold increase in ICAM-1 expression in brain tumors[211] compared to non-treated
regions, and depending on the specifics of the treatment paradigm used. Following this, we next
explored the subset of CAM-modulating acoustic conditions here on the expression of MadCAM-
1. While there were no significant differences determined from HUVECs (data not shown), we did

observe a 2.16-fold increase in surface MadCAM-1 expression in HBEC-51 under 150 kPa
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treatment for 2 min as compared to sham controls at 1-hour post-sonication (Fig. 6f; p<0.05); with
this transient increase returning to baseline by 4 hours post-sonication. Indeed, plasma membrane
properties including stiffness (which may be different between these two cells of endothelial
origin) may play a role in ultrasound-induced bioeffects under the same acoustic paradigm[399].
Given the more robust response of the human brain microvascular cells, we next proceeded to
examine the ultrasound-modulated secretome of this cell type at both 1-hour and 4-hour time
points (see Fig. 7). In this figure, the first two panels depict volcano plots in which the -log10 p-
value is plotted against the magnitude of the fold-change (in [log] 2 units) of the ultrasound
treated group relative to the untreated sham control. Here, each cytokine/analyte is denoted by a
point, with blue ones representing a strong (at least 2-fold; [log] 2 of the fold change <-1)
significant downregulation and red points representing significant upregulation ( [log] 2 of the
fold change >1) of a given cytokine. The identity of these analytes is shown in Fig. 7c-d, with the
earlier time point characterized by the decreased expression of 4 cytokines, while only 2 analytes
demonstrated increased concentrations. At the later time-point of 4 hours, there is increased
secretion of 20 cytokines, many of which serve immune-activating roles (e.g. IL-8, CXCL9, IP-
10, MIP-3a). Beyond highlighting the fold-change of individual secreted analyte concentrations,
we performed gene over-representation analysis (ORA) of this 4-hour dataset to ascertain whether
and to what extent changes in the secretome can be linked to known biological processes (Fig. 7e).
Indeed, ORA analysis revealed multiple over-represented pathways involved in immune cell
recruitment. Specifically, enrichment ratios were significant for several gene ontology (GO) terms
including the chemotaxis and migration of leukocytes, and the modulation of IL-17, TNF, and
NFkB signaling pathways. We note here that these ultrasound-induced changes are broadly
consistent with whole-tissue analysis performed on focused ultrasound-treated pre-clinical models
in the context of brain and brain tumors[377], [400], [401]. We acknowledge here that the role of
these cytokines/chemokines is pleiotropic, highly contingent on the local environment, the
presence of neighboring cells and tissue, and the magnitude and time course of its secretion. That
being said, we explore the potential implications of ultrasound-induced increases in selected

secreted analytes reported here in the following sections.

Among the chemokines most influenced by microbubble-mediated focused ultrasound shown

here, IP-10 (CXCL10) has been shown to strongly attract T-cells and NK-cells and has generally
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exhibited anti-tumor properties[402]. In fact, CXCL10 immune therapy strategies have been
successfully implemented in murine models of glioblastoma, particularly from a dendritic cell
vaccine viewpoint[403], [404], and very recently as an adjuvant therapy to immune checkpoint
antibodies[405]. Along with CXCL9 — also shown here to increase under focused ultrasound
treatment — CXCL10 secretion has shown a huge impact on the success of immune checkpoint
inhibitor therapy[406]. Given the relatively large increased secretion from human brain endothelial
cells shown here (5-fold for CXCL10 and 2.2-fold for CXCL9 over non-ultrasound controls), this
data suggests that focused ultrasound may aid in augmenting local T-cell infiltration within the

brain via the CXCL10 and CXCL9 axes.

Another analyte that was largely impacted by ultrasound treatment is VEGF-A. Indeed,
angiogenesis has long been considered one of the hallmarks of tumor progression[407], and VEGF
is one of the most prominent and well-studied angiogenic factors - with its expression positively
correlating with tumor microvascular density and poor prognosis in many human tumors[408],
[409]. Numerous anti-angiogenic agents targeted towards VEGF signaling are used clinically (e.g.
bevacizumab targeting VEGF-A; ramucirumab targeting VEGFR-2) — however the success of this
approach has not met its full potential[410]- notably in glioblastoma, where despite its highly
vascularized nature, anti-VEGF treatment via bevacizumab corresponds with increased tumor cell
infiltration (invasive potential)[411] and has not translated to any improvement in patient survival.
Indeed, among other tumor and angiogenesis-related complexities[412], VEGF-A can either
positively or negatively regulate endothelial activation; with prolonged exposure inhibiting
endothelial-leukocyte interactions and decreasing endothelial responsiveness to proinflammatory
cytokines. However, short-term exposure has been shown to increase adhesion molecular
expression and leukocyte infiltration in in-vivo models[413], [414]. Here, our results indicate
increased levels of VEGF-A up to ~3.8-fold sham-treated control at 4 h post-ultrasound exposure,
which suggests that this may be used as a short-term strategy to transiently increase leukocyte

infiltration — although this requires further investigation.

Within the TME itself, it is well understood that the hostile physiological milieu - including the
balance of pro and anti-inflammatory molecules - plays a distinct role in hindering
immunotherapies. To this end, particular attention has been paid to tumor-associated macrophages

(TAMs), which can make up a large portion (30-50%) of a solid tumor by weight [415]. Indeed,
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TNF-a plays a large role as a polarizing cytokine to induce TAMs towards the M 1-like macrophage
phenotype; a subset of macrophages that strongly presents antigens and secretes many pro-
inflammatory chemokines and cytokines, including TNF-a itself[416]. Furthermore, TNF-a serves
many other immune-activating roles, including downregulating immune-suppressing regulatory T
cells within the TME[417], and attraction of neutrophils and monocytes to take part in anti-tumor

responses[418] — notably when transiently present in high local concentrations[419].

Our results also highlight that ultrasound-assisted microbubble treatment increases endothelial
secretion of IL-8 (CXCLS), a potent chemoattractant for neutrophils. While traditionally not
considered a major player in the TME, recent evidence suggests that neutrophils can play a role in
tumor initiation, development and progression. There are several studies that suggest neutrophils
may exert direct cytotoxic activities or indirectly lead to tumor regression through the recruitment
and induction of tumor-specific T cell responses[420], [421]. Tumor-associated neutrophils
(TANSs), similar to TAMs, can acquire an antitumor (N1) or immunosuppressive (N2) phenotype
(e.g. in the absence/presence of TGF-B), the extent to which can influence the outcomes of
emerging immunotherapies, including immune checkpoint therapy (e.g.[422]). Indeed, TANs
differ from naive bone-marrow neutrophils in that they show an enhanced chemokine secretion
profile[423], thereby contributing to a feedback mechanism for recruiting more neutrophils and
other immune cells to the TME; specifically, chemokines including CCL3, CXCL2, and CXCL1

(GRO)[424]; some of which are also enhanced under the current ultrasound exposure regimen
(Fig. 79).

Finally, we directly compare the modulated expression of seven cytokines that are shared between
the shear-flow mediated (Fig. 4a) and ultrasound-mediated therapy — see Fig. 7f. Here, the fold-
change expression of LIF, GCP-2, VEGF-A, TNFp, M-CSF, IL-8 and GROa exhibited by HBEC-
51 under shear flow (blue bars) and ultrasound and microbubble treatment (red bars) at 4 hours is
displayed. We note here that this is only a subset of those induced via flow (Fig. 4a) and
microbubble-mediated ultrasound (Fig. 7c-d). While both the flow-induced ICAM-1 surface
expression and endothelial secretome modulation share some qualitative similarities with the
ultrasound dataset, further research will involve in-depth pathway analysis to highlight the degree

of mechanistic similarity. Indeed, the shear stress induced by vibrating microbubbles is expected
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to be much larger in magnitude (~15 kPa, or 15 kdyn/cm2)[31] but over a much shorter timescale

(~ps — ms).

5.3. Conclusion

Here, we report on the endothelial over-expression of two surface adhesion molecules (ICAM-1
and MadCAM-1) and the modulation of endothelial secretome due to flow-induced shear stress
and microbubble-mediated focused ultrasound therapy. Indeed, preconditioning under flow
resulted in time-dependent modulation of CAM expression, the character of which was dependent
on the endothelial origin. Further, there was a heterogeneity in the time-dependent modulation of
cytokines and chemokines; with some significantly enhanced (up to 16.2-fold; p<0.001) from both
endothelial cell types under flow (e.g. IL-8, MCP-1, MCP-3), and others differentially expressed
(e.g. CCL5, CXCL-16, SDF-1). Under ultrasound exposure, both endothelial cell types
demonstrated increased surface levels of ICAM-1 expression at 4h post-sonication, while only
HBEC-5i demonstrated enhancement of MadCAM-1 compared to untreated controls.
Microbubble-mediated therapy resulted in large-magnitude (>2-fold) and significant (p<0.05)
differential expression of 20 cytokines at 4 hours post-treatment, most of which had immune-
activating function and were within a similar subset to those induced by shear-flow. Taken together,
this dataset suggests that focused ultrasound-induced changes in endothelial immunobiology share
some, but not all, general characteristics of flow-induced shear. Specifically, increased expression

of immune-modulating factors including surface CAM and pro-inflammatory secretions.

5.4. Experimental Methods

5.4.1. General Cell Culturing

Two human endothelial cell models, either umbilical vein (HUVEC, C2519A; Lonza,
Walkersville, MD, USA) or cerebral microvascular endothelial cells (HBEC-5i, CRL-3245TM;
ATCC, Manassas, VA, USA), were employed in this study. The cerebral HBEC-51 were seeded in
pre-coated culture dishes with 1 mL gelatin (0.1%; ATCC) per 10 cm2, and were grown in
DMEM:F12 (Wisent, Canada) cell culture medium supplemented with 10% fetal bovine serum
(FBS, Wisent) and 40 pg/mL of endothelial growth supplement (ECGS, ATCC). Since HBEC-51
is an immortal cell model (SV40 large T antigen transformation), they were used up to passage 20.
HUVECs were cultured in endothelial cell growth medium (EGM-2; CC3162, Lonza) up to

passage 9. Ibidi chamber slides (Ibidi, Gr afelfing, Germany) were used for cell cultivation and
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treatment under flow. These slides have a 2.5 cm2 growth area, originally treated with collagen-
IV. However, 45 min prior to HBEC-5i cultivation, the growth surface of the chamber slides was
coated with 0.1% gelatin to provide extra support for HBEC-5i adherence. Endothelial cells, either
HBEC-51 or HUVEC, were seeded in the chamber slides at a density of 120,000 cells/cm2. All
seeded slides, whether cultured statically or under fluid flow conditions, were maintained within

an incubator at 37 C with 5% CO2 and 95% air atmosphere.

5.4.2. Flow Apparatus

The flow system has been described previously[149], see Figure la for experimental schematic.
Briefly, the ibidi flow system consists of a fluidic unit, air pressure pump, and flow controller
software used to cultivate and treat endothelial cells under unidirectional laminar flow. To generate
a constant flow, the fluidic unit was mounted with a yellow/green perfusion set with a total working
volume of 13.3 mL. The air pump provided air pressure to drive the fluid flow through the fluidic
unit. Additionally, the flow controller software was used for precise regulation of flow parameters
including flow rate, shear stress and flow cycle gradient. Before cell cultivation under flow, the
perfusion set was primed with cell culture media and flow was applied for at least 30 min to remove
any air bubbles in the fluid to prevent flow interruption. The ibidi flow software calculates flow
parameters based on the characteristics of the perfusion set, chamber slide geometry and the
viscosity of perfusion medium, which is assumed to be 0.0072 dyn /cm2 due to its similarity to
that of water at 37°C. Flow shear stress is determined via t =1 - factor. @, where t is shear stress
(dyn/cm?), n is dynamical viscosity (dyn /cm?), and @ is the flow rate of the perfused medium

(mL/min).

5.4.3. Cell Culturing Under Shear Flow

To assess the effect of shear flow preconditioning on endothelial cell physiology, cells were
cultivated statically in 0.2 mm p—Slides for two hours to allow cell adherence to the growth surface,
followed by exposure to an augmented gradient of shear flow ranging from 1.5 to 7 dyn/cm2 for
cell adaptation to the flow condition. Subsequently, cells were subjected to a shear flow of 9
dynes/cm?, corresponding to a 2.8 mL/min flow rate, for a duration ranging from 0-48 hours. First,
to assess the effect of time-dependent shear flow on the endothelial secretome expressed by either
HUVEC or HBEC-51, a small sample (100 pul) of cell media supernatant was collected from each

chamber slide at different time points (from 1-48 hours post gradient shear flow, depending on the
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endothelial cell type). Subsequently, the level of these factors was quantified using Luminex xXMAP
technology (see below). Additionally, HUVEC and HBEC-5i, cultivated under similar conditions,
were examined for the surface expression of either ICAM-1 or MadCAM-1 using
immunohistochemistry (see below). The secretome and expression of ICAM-1 and MadCAM-1

under static cultivation were used as respective controls.

5.4.4. Immunohistochemistry

Endothelial cells were fixed with 2% paraformaldehyde (3C28557, Millipore Sigma) for 30 min,
followed by incubation with 0.1% Triton X-100 (Triton® X-100 Surfactant, Millipore Sigma) for
cell permeabilization. In order to block the non-specific binding of mABs and prevent the high
intensity background, cells were incubated with a blocking buffer consisting of regular non-fat
milk powder at a concentration of 0.05 g/mL in 5 phosphate-buffer saline with 5% bovine serum
albumin (PBS-BSA) for 45 minutes. Subsequently, cells were incubated with either ICAM-1
monoclonal antibody (MA5407, Invitrogen) or MadCAM-1 polyclonal antibody (PA598417,
Invitrogen) for 1 hour, followed by washing five times with PBS-BSA to remove any unbound
antibodies. Due to the specific geometry of chamber slides which can trap air bubbles if medium
is fully removed, continuous medium exchange was used for washing with PBS-BSA. For each
wash, 50 ul PBS-BSA was added through one inlet and removed from the opposite inlet. This
process was repeated three times for each wash, in a total of 15 times to complete the 5 washes
with a total volume of 750 pl PBS-BSA per slide. Next, the cells were incubated with secondary
antibodies including either Alexa Fluor 488 (Donkey anti-mouse IgG, A21202, Invitrogen) or
Alexa Fluor 555 (goat anti-rabbit IgG, A21428, Invitrogen), respectively, and washed five times
with PBS-BSA. In the end, cell nuclei were counterstained with DAPI (Thermofisher) for two min.
As anegative control, some slides were stained with only primary or secondary antibodies. All the
staining steps were performed at room temperature. To examine the surface expression of CAMs,
cells were visualized using an inverted fluorescence microscope (Nikon Ti2A, Melville, NY)
equipped with an LED light source (D-LEDI, 10-50% intensity, Nikon) and DAPI (#96389,
378/447 nm; Nikon), GFP (#96392, 466/525 nm; Nikon, and DAPI (#96394, 554/609nm; Nikon)
filter cubes. At least five non-overlapping locations (1.2 by 1.2 mm field of view) from each slide
were imaged using a 10x objective (#MRHO00101, Nikon), and images were quantified using in-

house MATLAB software to calculate the signal intensity per cell.
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5.4.5. Multiplex Cytokine Release Assay

For the assessment of human cytokines, chemokines and growth factors under either shear flow
preconditioning or ultrasound treatment, multiplex immunoassay was used to measure the
secretion concentration of 96 factors in each sample. The multiplex analysis utilizes uniquely
color-coded magnetic beads, each of which is coupled with a specific capture antibody for each
analyte. To be able to examine the level of 96 factors, two 48-plex kits (MilliporeSigma,
Burlington, Massachusetts, USA) were used: panel A consist of sCD40L, EGF, Eotaxin, FGF-2,
FLT-3 Ligand, Fractalkine, G-CSF, GM-CSF, GROa, IFN-a2, IFN-y, IL-1a, IL-1p, IL-1RA, IL-2,
IL-3, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12(p40), IL-12(p70), IL-13, IL-15, IL-17A, IL-
17E/1L-25, IL-17F, IL-18, IL-22, IL-27, IP-10, MCP-1, MCP-3, M-CSF, MDC, MIG/CXCLJ9,
MIP-1a, MIP-1B, PDGF-AA, PDGF-AB/BB, RANTES, TGFa, TNF-a, TNF-f, and VEGF-A, and
panel B consists of 6CKine, APRIL, BAFF, BCA-1, CCL28, CTACK, CXCLI16, ENA-78,
Eotaxin-2, Eotaxin-3, GCP-2, Granzyme A, Granzyme B, HMGBI, 1-309, I-TAC, IFNp, [FNo,
IL-11, IL-16, IL-20, IL-21, IL-23, IL-24, IL-28A, IL-29, IL-31, IL-33, IL-34, IL-35, LIF,
Lymphotactin, MCP-2, MCP-4, MIP-15, MIP-30, MIP-3f, MPIF-1, Perforin, sCD137, SCF, SDF-
1, sFAS, sFASL, TARC, TPO, TRAIL, and TSLP. First, antibody-coated microspheres are
incubated with the sampled cell supernatant, followed by washing to remove the non-attached
analytes. Next, the coated beads with the captured analytes are incubated with biotinylated
antibodies against all the targets, followed by another wash. In the end, the beads are exposed to
the reporter streptavidin-phycoerythrin to detect the bound analytes. LuminexTM 200 (Luminex,
Austin, TX, USA), which is a dual laser system, was used to identify the detected analytes, as well
as their concentration. In this system, the first laser excites the internal color of each bead to
identify the presence of each analyte, whereas the second laser quantifies the intensity of the
phycoerythrin signal, which is proportional to the concentration of each analyte. For a subset of
this dataset, gene over-representation analysis was performed using web-based software
(https://www.webgestalt.org/). This was to determine statistically significant (Fisher’s exact test)
over-representation of the modified secretome set compared to the human protein encoding
genome. The enrichment ratio (ER) reported is defined here as the number of genes within our list
that fall within a given functional/signaling category divided by the expected number, given the
total number of genes in the database (KEGG database) for that category. Only those with false

discovery rates (adjusted for multiple comparisons) less than 0.05 are shown.
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5.4.6. Ultrasound-assisted Treatment During Microbubble Perfusion

A customized acoustically coupled inverted microscopy system was developed, by aligning a
coupling cone for the transducer to the microscope field of view, to visualize the ultrasound
bioeffects during the sonication. The coupling cone was fixed at 27 mm distance from the growth
area of the chamber slides, with 45 angle from the normal to minimize ultrasound reflection. Given
the geometry of the system used here, the acoustic beam width projected along the surface of the
cells is approximately 3.5 mm. Acoustic characterization of the beam resulted in a transmission
loss due to the chamber slide on the order of 5% [149]. To enable treatment under flow, a fluidic
system was placed next to the ultrasound delivery system and mounted with a perfusion set. The
reservoirs were primed with 15 mL cell culture medium, and the fluid flow was initiated using the
ibidi pump system for 30 min to remove any air bubbles in the fluid. Next, a cell-seeded chamber
slide was connected to the perfusion set and perfused with DefinityTM microbubbles (1:2500
dilution) for two min to allow a uniform distribution of microbubbles. DefinityTM microbubbles
were activated from room temperature using the VialmixTM shaker for 45s, after which they were
allowed to rest for another 15 min to equilibrate to room temperature[425]. Native, undiluted
microbubble size and concentration were confirmed using a Coulter Counter Multisizer 4
(Beckman Coulter, Indianapolis, IN, USA) to be consistent with the literature (~1010 bubbles/ml;
bi-modal volumetric peak in size distribution). The surface of the slide was water coupled with the
coupling cone, and four non-overlapping regions from the slide were sonicated (1 MHz frequency,
20 cycles, 1 ms PRI), at a peak-negative pressure of either 150 or 210 kPa with a sonication
duration ranging from 1-4 min. The acoustic beam was characterized in a separate water-tank with
a hydrophone (HGL-200, Onda Corp., Sunnyvale, USA). The surface expression of either ICAM-
1 or MAdCAM-1 was assessed as a factor of time post-sonication, either 1 or 4 hours. For a subset
of these, the supernatant was collected for cytokine analysis. In this case, immediately after
ultrasound treatment, the flow was stopped, and the chamber slide was disconnected from the
fluidic unit to prevent the dilution of cell supernatant with the media in the reservoirs. To be
consistent with all other experiments, the chamber slides were placed in an incubator at 37 C with
5% CO2 for either 1 or 4 hours. Next, 100 ul of cell media supernatant was sampled from each
slide, and the concentration of 96 factors, similar to the shear-flow assay, was examined using the

same multiplex immunoassay.
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5.4.7. Justification of Parameter Selection

It is worth discussing the justification for the shear flow, molecular biology readouts and acoustic
conditions employed in this study. Firstly, the shear stress in arterial vessels and veins has been
reported to range between 10 to 70 dyn/cm? and 1-6 dyn/cm?, respectively[336], whereas brain
microvasculature experiences shear flow ranging from 5 to 23 dyn/cm? [426]. Our selected shear
stress of 9 dyn/cm? falls on the lower end of these physiological ranges, albeit slightly above the
reported range for venous blood flow. In terms of our selection of endothelial surface expression
markers, downregulation of ICAM-1 and MadCAM-1 (and others) have been reported in tumor-
associated vessels from a range of human malignancies[368], [427]. Firstly, ICAM-1 is a notably
important adhesion molecule in the context of immune cell adhesion and trafficking and has long
been studied in this context[428], [429]. Further, MadCAM-1 is expressed on human brain
endothelium and plays a role in NK cell transmigration[430], [431]. With respect to the ultrasound
treatments, the microbubble concentration was chosen (1:2500 dilution) to fall within the clinical
implementation, which typically reaches a dilution of approximately 1:2500-1:5000 after
intravenous administration. The ultrasound parameters were chosen after a pilot study to minimize
losses in cell viability and detachment in both endothelial cell lines, while still within the range of
those reported for immunomodulation studies elsewhere, and relevant to therapeutic parameters

used clinically.

5.4.8. Statistical Analysis

The data in this study have been analyzed using GraphPad prism and are reported as mean + SD.
To assess the surface expression of CAMs, a minimum of 4 independent slides were analyzed, and
imaging was performed on 5-10 randomly selected regions on each slide, with at least n=3 slides
per condition. The level of CAM expression was quantified using in-house software in MATLAB
by measuring the fluorescence intensity of the cells. All secretome data was assessed on at least
n=2 samples per condition. Statistical comparison across different treatment regimens on the CAM
expression was made by two-tailed, unpaired two-sample Student’s t-tests. A p-value of <0.05 was

taken to be statistically significant.
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Figure 5.1: Schematic illustration of the experimental setup and the influence of shear flow on cellular

Static

Laminar flow

Flow direction

morphology. a) Human endothelial cells, either HUVEC or HBEC-5i, were subjected to 9 dyn/cm? shear
flow for 0-48 hours. The effect of laminar shear stress on the surface expression of ICAM-1 and MadCAM-
1 was conducted using immunofluorescence microscopy, and endothelial secretome profiling was assessed
through multiplex immunoassay. Additionally, the effect of ultrasound-stimulated microbubbles (1 MHz,
150-210 kPa, 20-cycle burst, 1 ms PRI, 1-4 min durations) was investigated on the surface expression of
ICAM-1 and MadCAM-1 in HUVEC and HBEC-5i. Finally, microbubble-mediated modulation of cytokine
profile was further studied in HBEC-5i. b) Fluorescence microscopy images represent the effect of laminar
shear flow precondition on HUVEC morphology as compared to statically cultivated cells. Cell nuclei are
stained in blue, actin filaments are stained in red and PECAM-1 (CD31) is stained in green. The fluorescent
images indicate that long-term laminar flow preconditioning results in a more uniform morphology,

improved cell-to-cell contact, reduced extracellular gaps and cell orientation in the direction of flow. In
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contrast, statically seeded cells display highly heterogeneous morphology, random orientation and

significantly larger extracellular gaps between endothelial cells.
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Figure 5.2: Time-dependant shear flow differentially modulates the surface expression of ICAM-1
and MadCAM-1 on human endothelial cells. A confluent endothelial monolayer was seeded in chamber
slides and exposed to 9 dyn/cm? shear flow ranging from 0-48 hours. a) Representative fluorescence
microscopy images illustrating a temporal regulation of ICAM-1 (top panel) and MadCAM-1 (bottom
panel) expression under shear flow conditions for HUVEC. ICAM-1 is marked in green, stained by Alexa
fluor 488-conjugated antibody, whereas MadCAM-1 is shown in red, stained by Alexa fluor 555-conjugated
antibody For HUVEC, b) Quantification of ICAM-1 expression showed a significant upregulation in

response to shear flow preconditioning, with a peak increase at 4 h, and it returned to the baseline level by
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8 h. ¢) MadCAM-1 expression revealed a different temporal pattern, reaching a minimum of 8 h after
exposure to shear flow. For HBEC-5i, d) Quantification of ICAM-1 surface expression revealed a time-
dependent upregulation, with a peak increase at 24 h post-exposure to shear flow and it returned to the
baseline by 48 h. ¢) In contrast, MadCAM-1 expression under shear flow preconditioning showed an
opposite trend, and the expression level reached a minimum by 4 h. No statistical difference between the

treatment and sham control was observed unless marked on the plot.
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Figure 5.3. Shear flow preconditioning modulates endothelial secretome based on cell origin. a) Heat
maps display the influence of shear flow preconditioning on (left) HUVEC and (right) HBEC-5i

secretomes. The secretion level of different analytes was quantified using Luminex™ 200 technology and
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normalized to the static control. Asterisks indicate statistical significance, with *, **, *** denoting p<0.05,
p<0.01, p<0.001, respectively). Our results revealed that shear flow preconditioning differently influences
both secretomes; shear flow increased the secretion level of most examined analytes in HBEC-51, including
a subset of immune cell trafficking markers such as CCL-5, CXCL-15 and SDF-1, whereas the secretion
level of these factors decreased in HUVEC under similar flow conditions. b,c) A summary of cytokine fold-
change following 4- and 16-hour shear flow preconditioning. These plots display the number of cytokines,
chemokines, and growth factors that were either upregulated or downregulated in HUVEC or HBEC-5i in
response to 4- and 16-hour laminar shear flow preconditioning. Finally, selected factors that were
differentially secreted by d) HUVEC and e) HBEC-5i after shear preconditioning for 16 hours are illustrated
here. Our findings indicate that a subset of critical factors involved in inflammation and immune cell
recruitment exhibit differential responses to the same shear flow conditions depending on the cell origin.
Additionally, the baseline concentration of these cytokines varies considerably between these two cell types,
with HBEC-5i generally displaying a significantly higher concentration of proinflammatory mediators than

HUVEC.
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Figure 5.4: Shear-mediated modulation of selected inflammatory factors in HUVEC and HBEC-5i

exhibit different temporal patterns. a-c) These plots illustrate the reverse pattern of cytokine secretion

between HVEC and HBEC-5i in response to shear flow preconditioning under the same condition. Over

time, each cytokine in HBEC-5i shows a significant upregulation up to 16-fold at 48 hours, whereas

cytokine secretion is considerably downregulated in HUVEC. d-f) Analytes listed here are highly expressed

in HBEC-51, with an increase in their secretion level under shear flow over the course of 48 hours. However,

the baseline level of these factors in HUVEC is extremely low, or completely absent in the case of CXCL16.

g-h) The last row indicates a subset of chemokines with similar secretion patterns in HUVEC and HBEC-

51 under shear flow conditions, showing an increase in secretion levels over time.
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Figure 5.5: ICAM-1 surface expression on endothelial cells is correlated with shear flow-mediated
cytokine secretion. These plots illustrate the correlation between individual cytokine concentration with
ICAM-1 fold change in either a-f) HUVEC or g-1) HBEC-5i, subjected to 9 dyn/cm? laminar shear flow
over time. The selected cytokines here are known to be involved in inflammation (CCLS, SDF-1, TNF-3)
and chemotaxis (IL-6, IL-8, MCP-1). As plots show, ICAM-1 surface expression in either HUVEC or
HBEC-5i has a non-linear correlation with inflammatory cytokines and chemokines concentration. This
observation indicates that ICAM-1 expression fold change transiently increases up to a certain

concentration of each cytokine, followed by a decrease or reaching a plateau in the higher concentration.
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Figure 5.6: Ultrasound-stimulated microbubbles increase CAM surface expression in both
endothelial cell types. Endothelial cell-seeded chamber slides were constantly perfused with microbubbles
at a flow rate of 2.8 mL/min and sonicated with ultrasound at different acoustic pressures and sonication
durations. a) Representative fluorescence microscopy examples of I[CAM-1 expression on HUVEC treated
under different acoustic pressures and sonication durations. The surface expression of ICAM-1 was
assessed at 4 hours post-sonication. b,c) Quantitative analysis of ICAM-1 expression from HUVEC
demonstrated its upregulation under three ultrasound conditions: sonication at acoustic pressure of 150 kPa
for 2 or 4 min, and 210 kPa for 1 min. d) For the brain endothelial cells (HBEC-5i), quantification of [CAM-
1 surface expression at 1-hour post-sonication demonstrated no change in the expression as compared to
the untreated cells. e) In contrast, ultrasound treatment under similar conditions significantly upregulated
the surface expression of [ICAM-1 at 4 hours post-sonication, highlighting the importance of post-sonication
time in the modulation of ICAM-1 expression for this endothelial cell type. f) Ultrasound treatment
significantly increased the expression of MadCAM-1 on HBEC-5i as compared to untreated cells, with a
peak expression observed at 1-hour post-sonication. The influence of ultrasound treatment was assessed on
the expression of MadCAM-1 on both HUVEC and HBEC-5i, however only HBEC-5i experienced an
upregulation of MadCAM-1 in response to treatment. Therefore, the data for HUVEC is not shown here.

No statistical difference between the treatment and sham control was observed unless marked on the plot.
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Figure 5.7: Microbubble-mediated treatment modulates HBEC-5i secretome profile. a,b) Volcano
plots illustrating the differential secretion of various analytes at either 1 or 4 hours after ultrasound treatment
compared to the non-sonicated cells. Each dot represents an analyte, where black dots show analytes with
minimal or no change, red dots indicate analytes upregulated by at least 2-fold, and the blue dots represent
analytes downregulated by at least 2-fold. c, d) Identification of cytokines with a minimum of 2-fold change

and statistically significant at either 1 or 4 hours after ultrasound treatment. Ultrasound treatment led to the
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differential secretion of a limited number of factors 1-hour post-sonication, whereas 4 hours after treatment,
20 analytes experienced a significant upregulation, most of which are known for their immune-activating
function. e¢) Gene over-representation analysis (ORA) of this 4-hour dataset reveals that changes in the
secretome are linked to known biological processes, including immune cell chemotaxis and migration,
along with TNF and NF-kB signaling. f) Comparison of the fold-change secretion of seven cytokines 4
hours after exposure to either shear flow (blue) or ultrasound-stimulated microbubbles (red) in HBEC-5i.
The plot indicates that these cytokines exhibit a stronger response to ultrasound treatment than to laminar

shear flow, likely due to higher shear stress exerted by microbubbles on endothelial cells.
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6. Investigating the effects of US on CAR NK-92 cell recruitment and
infiltration in vitro.

Chapter 6 presents unpublished results investigating the influence of ultrasound-mediated
modulation of endothelial secretome and enhanced CAM expression on improving CAR NK-92

cell recruitment and trafficking in vitro.

6.1. Introduction and Motivation

The limited success of conventional therapies for brain malignancies, a combination of surgery,
radiotherapy and chemotherapy, emphasizes the importance for alternative treatment strategies. In
this regard, molecular and cellular immunotherapies have emerged as promising treatments,
particularly for hematological malignancies. One of the most extensively investigated
immunotherapies, in both pre-clinical and clinical studies, is the adoptive transfer of T cells. This
approach involves the extraction of tumor specific T cells from a patient, expanding them ex vivo,
and reinfusing them into the patient to trigger a stronger adaptive immune response. Despite its
therapeutic potential, adoptive T cell therapy encounters significant challenges due to the tumor’s
ability to prevent T cell recognition. Tumors use multiple mechanisms to evade immune
surveillance including lack of immunogenic antigens, loss of MHC class 1 molecules, and absence
of co-stimulatory signals. Therefore, tumor cells resemble self-cells, impairing the function of
cytotoxic T cells, which ultimately results in tumor escape. To address these challenges, an
alternative strategy was introduced involving genetic modification of patient-derived T cells to
express chimeric antigen receptor (CAR), to target tumor-specific neoantigens. Unlike regular T
cells, CAR-engineered T cells can recognize a broad range of targets without relying on the antigen
presentation through MHC complexes. Despite the promising results of CD19-CAR T cells for
relapsed B-Cell acute lymphoblastic leukemia and diffuse large B-cell lymphoma, their clinical
application is restricted due to multiple challenges including the risk of neurotoxicity, cytokine
release syndrome (CRS), and the need for autologous preparation due to HLA dependence [14].
Due to these challenges, the focus of cellular immunotherapy has shifted toward CAR-NK cells,
given that these immune cells offer several key advantages over CAR T cells. Beyond the
recognition of specific tumor antigens by CAR molecules, NK cells intrinsically recognize stress-
induced ligands, further preventing tumor immune escape. Moreover, NK cells naturally secrete
significantly lower levels of proinflammatory cytokines as compared to T cells, which prevents

the risk of CRS. The HLA-independent function of NK cells also enables the allogenic preparation
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of CAR-NK cells, without the risk of graft versus host disease (GVHD)[432]. Despite the potential
of CAR-NK cells in cancer immunotherapy, their efficacy for brain tumors is hindered due to the
presence of a suppressive TME and limited permeability of BBB. Additionally, the downregulation
of critical CAMs on tumor vascular endothelial cells further impedes CAR-NK cells infiltration
into the tumor site. Addressing these challenges in clinical settings requires novel strategies to
locally promote immune cell trafficking, extravasation and intra-tumoral effector function. In the
context of brain cancer immunotherapy, ultrasound-stimulated microbubbles present a promising
solution to revolutionize CAR cell therapies. Microbubble cavitation near the tumor vascular
endothelium can transiently open the BBB, which facilitates the infiltration of immune cells to the
tumor. Beyond BBB disruption, microbubble-induced shear stress can activate signaling pathways
that are involved in promoting an anti-tumor immune response, thus improving immune cells
recruitment and trafficking. Our results in chapters 4 and 5 demonstrate that US treatment can
modulate the endothelial cytokine profile and upregulate CAMs such as PECAM-1, ICAM-1 and
MAdCAM-1. Building on this, our objective here is to examine the efficacy of CAR NK-92 cell

homing and rolling on US-treated endothelial cells.

6.2. Experimental Methods

6.2.1. General Cell Culture

Human cerebral microvascular endothelial cells (HBEC-5i, CRL-3245TM; ATCC, Manassas, VA,
USA) were cultivated in DMEM: F12 cell culture medium (Wisent, Canada), supplemented with
10% fetal bovine serum (FBS, Wisent) and 40 pg/mL of endothelial growth supplement (ECGS,
ATCC). Before cell cultivation, culture dishes were pre-coated with 0.1% gelatin (ATCC) with a
concentration of 1 ml per 10 cm? for 45 minutes at 37 °C. Additionally, HER2" CAR NK-92 cells
(provided by our collaborator) were cultivated in X-VIVO 10 culture medium supplemented with
10% human serum from male AB plasma (Sigma-H3667) and 100 unit/ml human recombinant IL-
2 (Miltenyi, premium grade). They were fluorescently labeled by incubating them with Hoechst
(1:500 dilution) for 20 minutes at 37 °C. Excess fluorescent dye was removed by centrifuging the

cells and resuspending in fresh medium.

6.2.2. CAR NK-92 Cell Rolling and Adhesion Assay
A confluent monolayer of HBEC-5i with a density of 120,000 cells/cm? was cultivated in 0.2 mm

ibidi chamber slides under laminar shear stress of 9 dyn/cm? for two days to bring the cells to a

124



more physiological-like state. A subset of the slides was treated with 100 ng/ml of TNF-a 24 hours
prior to the experiments to upregulate endothelial cell surface expression of CAM. For the
ultrasound-treated group, each cell-seeded chamber slide was continuously perfused with Definity
microbubbles using the ibidi fluidic system. Next, 4 non-overlapping locations on each slide were
sonicated using optimized ultrasound parameters mentioned in chapter 5 (1MHz frequency, 150
kPa peak negative pressure, 20 cycles, 1 ms PRI and 2 min sonication duration). To allow the
secretion of pro-inflammatory cytokines and maximize upregulation of ICAM-1, ultrasound
treated slides were incubated at 37 °C for 4 hours. For the rolling and adhesion assay, three groups
of untreated (negative control), TNF-a treated (positive control) and US treated HBEC-51 were
examined. First, fluorescently labeled CAR-NK-92 cells (1x10° cells/ml) were perfused over the
endothelial monolayer with a flow rate of 2.8 ml/min, corresponding to 1 dyn/cm? shear stress, for
3 minutes to ensure a uniform distribution of immune cells within the chamber slides. The flow
then was halted for 12 minutes to allow NK cells to interact with endothelial cells. Subsequently,
CAR NK-92 cells were perfused again over the endothelial monolayer for 20 minutes under the
same flow condition, and the real-time fluorescence microscopy videos were recorded. At the end,
the slides were disconnected from the fluidic system and washed with fresh media multiple times
to remove any unattached CAR NK-92 cells to the endothelial monolayer. To quantify the average
number of adhered CAR cells, a minimum of 10 random fluorescent images were captured per

slide.

6.2.3. Transwell Migration Assay

The migration behavior of CAR NK-92 cells under different conditions was evaluated using 96
Transwell plates. Each well in the upper compartment of the plate contained a semi-permeable
polycarbonate membrane with 3.0 um pores (Corning). To assess the influence of US-stimulated
microbubbles on CAR NK-92 cells transmigration, HBEC-5i cells were treated with the same
ultrasound conditions as the rolling and adhesion assay. Cell supernatant was collected 4 hours
post-treatment and diluted 8% before adding to the lower channels of the plate. Fluorescently
labeled CAR NK-92 cells (1x10° cells/ml) were added to the upper channels and their migration
to the lower wells was assessed over varied durations. Positive control was optimized by testing
the influence of either TNF-a, CCL3, CCL5 or 10% human serum on CAR NK-92 cells migration
and basal culture medium served as the negative control. To quantify the number of migrated cells,

the fluorescence intensity was measured in the lower wells using a microplate reader. To determine
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the percentage of migration for each group, a reference fluorescence intensity was established by
directly adding an equal number of CAR NK-92 cells to a subset of lower wells and defined this

as 100% migration.

6.2.4. Statistical Analysis

All data were analyzed using GraphPad prism and are presented as mean + SD. The fluorescence
microscopy videos and images were analyzed using ImageJ to quantify the number of fluorescent
CAR NK-92 cells that were attached to the endothelial monolayer. For rolling and adhesion
analysis, a minimum of 10 random fields of view were imaged for each sample. The transmigration
datasets were repeated on at least three independent samples for each condition. Two-tailed,
unpaired two-sample Student’s T-tests were performed to determine the significance in comparison
between treatment groups. For all datasets, a p-value of <0.05 was assumed to be statistically

significant.

6.3. Results and Discussion

Our primary results have shown that US-stimulated microbubbles can trigger the secretion of
immune activating cytokines and chemokines, along with upregulation of key CAMs, particularly
ICAM-1. Building on these findings, here we investigate how ultrasound treatment influences the

recruitment and extravasation of CAR NK-92 cells in vitro.

6.3.1. Ultrasound-mediated CAR NK-92 Cells homing

Fig. 1a depicts representative fluorescence microscopy images of CAR NK-92 cells (blue) adhered
to the endothelial monolayer at the end of the rolling and adhesion experiment. Experimental
conditions including endothelial cell density, CAR NK-92 cell concentration, shear flow and
incubation time were kept consistent across all samples. As shown in microscopy images, US-
stimulated microbubbles significantly enhanced the firm adhesion of CAR NK-92 cells to the
endothelial monolayer as compared to the negative control. Quantification of adhered CAR NK-
92 cells demonstrated 3.87-fold (p < 0.001) on TNF-a-treated and 2.94-fold (p < 0.001) on US-
treated endothelial monolayers, relative to the negative control (no treatment). The strong adhesion
to TNF-a-treated endothelial monolayer was as expected, given the critical role of TNF-a in
activating pro-inflammatory signaling pathways and upregulating CAMs involved in immune cell
homing. The influence of ultrasound treatment on immune cells trafficking is consistent with our

previous work, showing a significant increase in the secretion of 20 cytokines and chemokines
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including TNF-qa, IL-6, IL-8, 4 hours post-sonication. Additionally, [CAM-1 surface expression
peaked at 4 hours, which is a key contributor to immune cells trafficking. Lymphocyte recruitment
follows a multi-step process in response to signals including elevated secretion of pro-
inflammatory cytokines and chemokines, endothelial CAM modulation, and conformational
changes in lymphocyte adhesion molecules. Therefore, the observed increase in firm adhesion of
CAR NK-92 cells to the US-treated endothelial cells is consistent with essential signals needed for
immune cell homing. To our knowledge, there is no direct study on the effect of US-stimulated
microbubbles on CAR-NK cells. However, a study by Abe et al. in 2022 demonstrated that
mechanical high intensity ultrasound (M-HIFU) drastically increased the infiltration of both CD8"
T cells and NK cells into breast tumors in mouse model. To better understand the mechanisms of
M-HIFU in improving lymphocytes trafficking and infiltration, they performed GO enrichment
analysis of the differentially expressed genes GO analysis demonstrated that M-HIFU
predominantly upregulated genes involved in inflammatory responses, leukocyte activation and
cell chemotaxis. Moreover, a comparison of M-HIFU with thermal HIFU (T-HIFU) revealed the
superiority of M-HIFU in eliciting an anti-tumor immune response. While our study differs in
several aspects, these findings highlight the potential of US-mediated mechanical effects in

improving lymphocytes homing which is aligned with our results[433].

6.3.2. The Effect of US on CAR NK-92 Cells Transmigration

To optimize positive control for the migration of CAR NK-92 cells, multiple stimuli including
TNF-a, CCL3 and CCL5 were examined at different concentrations and incubation. However,
none of these factors significantly enhanced CAR cell migration (data not shown). In contrast,
10% human serum led to approximately 3-fold increase in the CAR NK-92 cells migration as
compared to negative control under similar conditions. This drastic response is likely due to its
high cytokine and chemokine content, thus serving as a strong chemoattractant. Additionally, the
transmigration assay revealed that ultrasound-mediated HBEC-51 secretome, collected 4 hours
post-sonication, enhanced the migration of CAR NK-92 cells by 2.26-fold (p<0.05) in comparison
to negative control (Fig. 2). Since migration assays showed no significant difference at 1-, 3- and
24-hours, transmigration assays were performed over 3 hours. These findings further confirm the
ability of ultrasound-stimulated microbubbles in improving the chemotactic behavior of immune
cells. In this context, Kovacs and colleagues demonstrated that US-assisted BBB disruption can

trigger sterile inflammation, thus facilitating the infiltration of macrophages to the targeted
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location. Genomics and proteomics results demonstrated that pulsed ultrasound modulates
secretion of various cytokines and chemokines in a time-dependent manner including INF-y, TNF-
a, IL-2, IL-6, CCLS5, CCL-20, G-CSF and M-CSF. Consequently, ultrasound-assisted secretion of
chemotactic factors facilitated the migration of systemic macrophages to the sonicated regions.
While this study focused on migration behavior of macrophages, the observed ultrasound-
mediated secretome changes suggest a broader impact on effector immune cells homing and
extravasation. Overall, these results highlight the potential of ultrasound-stimulated microbubbles

to overcome tumor microenvironment and improve cellular immunotherapy.
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Figure 6.1. Schematic diagram of the rolling and adhesion assay and the effect of ultrasound on CAR

Normalized CAR NK-92 cell homing

0-

Control TNF-a  US-treated

NK-92 cells homing. a) A confluent monolayer of HBEC-5i was cultivated under 9 dyne/cm? shear flow
for two days to provide a more physiological condition. Endothelial cells were categorized into three groups
of non-treated (negative control), TNF-a-treated (positive control) and ultrasound-treated. CAR NK-92
cells were perfused over HBEC-5i monolayer for 3 minutes, stopped the flow for 12 minutes to allow their
interaction, followed by resuming the flow for 20 minutes, while real-time fluorescent microscopy videos
were recorded. At the end of the experiment, chamber slides were washed with fresh medium multiple times
to remove non-adhered CAR cells, and fluorescence images were captured to quantify the number of
adhered cells. b) Representative fluorescence microscopy images illustrate adhered CAR NK-92 cells,
stained blue with Hoechst, under different treatment conditions. Scale bar is 50 pm. ¢) Quantifying the
number of adhered CAR cells showed that treating HBEC-51 with TNF-a for 24 hours resulted in 3.87-fold
(p <0.001) increase in firm adhesion of CAR NK-92 cells. Notably, ultrasound-activated microbubbles, 4
hours post-sonication, led to a 2.94-fold (p < 0.001) increase in CAR NK-92 cells adhesion. Asterisks

denote statistical significance.

129



Negative control

k- = 4

Basal media

Positive control

Basal media ‘| Basal media

[ (|
CAR NK-92 cell o‘\\':#"._q%‘.“”""‘ CAR NK-52 cell
92 cells o ........'—;r 92 cells

Media + 10% human serum

Basal media

CAR NK-92 cells

Media + US-mediated HBEC-5i secretome

Normalized CAR NK-92 cell migration

CAR NK-92 cell migration
*

* NS

Control 10% Human  US-mediated
serum HBEC- secretome

Figure 6.2. Schematic representation of transmigration assay and the effect of ultrasound-mediated

HBEC-5i secretome on CAR NK-92 cell extravasation. a) The transmigration assay was conducted in

96-well Transwell plates to evaluate the effect of three groups including basal media (negative control),

media supplemented with 10 % human serum (positive control), and US-mediated HBEC-5i secretome,

collected 4 hours post-sonication, on CAR NK-92 cells migration over 3 hours. b) The plot shows the fold

change in CAR NK-92 cells migration, with fluorescence intensity in lower wells normalized to the

negative control. Results indicate that 10% human serum and US-mediated HBEC-5i secretome increased

the CAR NK-92 cells migration by 3.06-fold (p<0.05) and 2.26-fold (p<0.05), respectively. Asterisks

denote statistical significance.
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7. Conclusion and Future Directions

In this Chapter, [ will first present a summary of the major findings of my thesis and follow up
with ideas for future directions. Notably, the work presented here can be synergized with many
related US-assisted approaches, including MRI-guided BBB opening, cytokine-based

immunotherapy, and immune checkpoint-inhibitor therapy.

7.1. Summary of Findings

Despite the promising potential of cellular immunotherapy for hematological malignancies, its
success in treating brain cancers remains challenging due to multiple barriers, including the limited
permeability of BBB and the suppressive nature of TME. Therefore, this thesis investigates the
potential of ultrasound-stimulated microbubbles to modulate endothelial cell immunobiology and
improve the recruitment and trafficking of CAR NK-92 cells in vitro. Given that fluid dynamics
varies across different anatomical sites and pathological conditions, the effect of various fluid

patterns was explored on ultrasound treatment outcomes.

Chapter 2 comprehensively reviews immunotherapy challenges for glioblastoma and metastatic
brain cancers and explores the mechanisms by which focused ultrasound overcomes these
obstacles. This review covers a broad range of literature on ultrasound-assisted molecular and

cellular immunotherapy in both pre-clinical and clinical studies.

Chapter 3 investigates local fluid dynamics experienced with circulating microbubbles on
ultrasound-assisted permeabilization of endothelial cells, either HUVECs or HBECs. To
investigate the influence of flow rate on cell permeabilization, endothelial cells were sonicated (1
MHz frequency, 305 kPa PNP, 20 cycles, 1 ms PRI, and 2 second duration) and real-time
microscopy videos were recorded to quantify cell permeabilization as a function of flow rate. Our
findings revealed that microbubbles flowing at 30 ml/min under identical acoustic conditions
resulted in a statistically significant increase in cell membrane permeability relative to the flow
rate of 5 ml/min for both HUVECs and HBECs. Furthermore, our results revealed that fluid flow
rate influences ultrasound-mediated intracellular calcium influx, showing a larger number of
calcium-positive cells under faster flow. Interestingly, a slower flow rate led to an increased remote
effect on the non-perforated cells. Additionally, the effect of inter-pulse delays At on endothelial
permeability was investigated under a constant flow rate of 30 ml/min. The treatment paradigm

consisting of a single pulse (N=20, PRI=1ms, duration 100 or 200 ms) versus a sequence with a
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Is delay (N=20, PRI=1ms, duration 25 ms; repeated either 4 or 8 times at At=1s) was compared.
Our results revealed that multiple short pulses were more effective than a single pulse in increasing
endothelial cell perforation, likely due to the reperfusion of new microbubbles in the acoustic field

during the rest times between pulses.

Chapter 4 explores the effect of shear flow preconditioning and microbubble flow patterns on
ultrasound-assisted endothelial permeabilization. Shear flow preconditioning influenced HUVEC
physiology by overexpression of PECAM-1, downregulation of pro-inflammatory cytokines, and
upregulation of angiogenic factors. Notably, shear flow preconditioning significantly increased
ultrasound-assisted permeabilization (1.2-2.0x depending on treatment regimen), which was
directly correlated with native levels of angiogenic cytokines. In another subset of experiments,
ultrasound therapy under pulsatile flow (3.5-7 dyne/cm2, 1 Hz) enhanced the endothelial
permeabilization up to 2-fold compared to shear-matched laminar flow. In contrast, ultrasound
treatment under oscillatory flow resulted in a more variable result, showing 1.76-fold increase at
4 dyne/cm2 under 0.5 Hz oscillation frequency, no significant change at 4 dyne/cm2 under 1 Hz,
or an absence of cell permeabilization at 2 dyne/cm2 with 0.5-1 Hz frequency, compared to laminar
flow. This study provides insight into the role of vascular endothelial biology, into the design of a

localized US-assisted drug delivery system.

Chapter 5 examines the potential of ultrasound-stimulated microbubbles to modulate the
endothelial cell secretome and surface expression of CAMs involved in immune cell homing and
trafficking. To investigate flow-dependent bioeffects, either HUVEC or HBEC-51 were subjected
to 9 dyne/cm? laminar shear flow, which led to differential secretion of a variety of pro- and anti-
inflammatory cytokines. Laminar shear stress significantly increased the secretion of
inflammatory cytokines from HBEC-5i, including IL-6, TNF-a, TNF-B, GRO-a, and SDF-1.
Interestingly, HUVEC responded differently to shear flow, downregulating most inflammatory
cytokines. Moreover, shear flow under similar conditions significantly upregulated ICAM-1 on
both HUVEC and HBEC-5i in a time-dependent and reversible manner, with a peak increase at 4
(1.98+0.15) and 24 h (1.56-fold, p<0.001), respectively. In the second subset of experiments,
ultrasound treatment enhanced the surface expression of ICAM-1 in both endothelial cell types at

4 hours post-sonication under the same acoustic stimulus. Conversely, MAdCAM-1
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overexpression peaked at 1-hour post-sonication. In addition, ultrasound stimulated the secretion

of 22 cytokines at 4 hours post-sonication, most of which had immune-activating properties.

Building on findings from chapter 5, showing ultrasound-modulated endothelial immunobiology,
chapter 6 explores its influence on improving CAR NK-92 cells homing and infiltration. For the
rolling and adhesion assay, three subsets of HBEC-51 monolayer, either non-treated, TNF-a-treated

2 shear stress.

or ultrasound-treated were perfused with CAR NK-92 cells under 1 dyne/cm
Fluorescence microscopy analysis demonstrated that ultrasound-stimulated microbubbles
enhanced CAR NK-92 cell recruitment by approximately 2.94-fold as compared to the negative
control. Furthermore, the ultrasound-mediated HBEC-5i secretome, collected 4 hours post-
sonication, increased CAR NK-92 cell extravasation in a Transwell assay by 2.35-fold, which

further highlights the potential of ultrasound in promoting cellular immunotherapy.

7.2. Future Directions

7.2.1. Immune Cell Homing and Migration in a 3D Gel Matrix

While the separate homing and transmigration assays performed in the work of Chapter 6 provide
valuable insights into the effects of ultrasound treatment on CAR NK-92 cell behavior, they do not
recreate the complexity of multi-step homing and trafficking. Additionally, the migration assay
was performed in a static environment, which neglects dynamic immune cells infiltration seen in
vivo. To provide a more physiologically relevant in vitro model, a 3D chamber slide like the p-
slide ibipore can be used. This 3D flow chamber allows the cultivation of endothelial monolayer
on a semi-permeable membrane and mimics key aspects of vascular environment. The unique
design of these slides enables the cultivation of endothelial cells in the lower channel and a 3D gel
matrix, with or without embedded cells, in the upper channel. The lower channel can be perfused
with immune cells with varying shear flow conditions, enabling observation of their rolling on
endothelial monolayer, adhesion, followed by transmigration to the upper channel over time.
Despite the potential of this device for examining ultrasound-mediated cell secretome and its
influence on immune cell homing and trafficking, their acoustic properties restrict their application
for direct ultrasound sonication. The unique geometry of these slides could significantly affect
ultrasound propagation and microbubble cavitation behavior. Therefore, designing a custom-made
3D flow chamber that closely replicates vascular physiology, while maintaining optimized acoustic

properties is of great significance. Furthermore, the flow chamber needs to be optically transparent
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to allow real-time imaging of immune cell homing and infiltration. Notably, a comprehensive
acoustic characterization of 3D chamber needs to be conducted to ensure minimum transmission
loss, attenuation and risk of standing waves. Developing an ultrasound compatible 3D perfusion
chamber bridges the gap between over-simplified 2D in vitro models and in vivo studies, making

it a powerful tool for real-time investigation of ultrasound-assisted immunotherapy.

7.2.2. Ultrasound-assisted CAR NK-92 Cell Activation

While Chapter 6 explored modulating endothelial immunobiology to improve immune cell
recruitment, another potential approach is to examine whether ultrasound can enhance the intrinsic
homing ability of CAR NK cells. Multiple studies have investigated ultrasound-mediated
infiltration of NK cells into tumors via BBB opening, however the direct effects of ultrasound on
either NK or CAR NK cell activation remain unexplored. In general, a key component in NK cell
rolling and adhesion is integrin expression, a molecule that is present in different affinity states
depending on NK cells activation status. Similar to mechanosensitive CAMs on endothelial cells,
integrin expression is shear-dependent, with their activation influenced by flow-induced shear
stress. A critical integrin expressed on NK cells is LFA-1, which plays a dual role, involved in
immune cell homing and contributing to NK cell cytotoxicity. Given that ultrasound-stimulated
microbubbles generate large-magnitude shear stress, investigating their effects on integrin
conformational change to a high affinity state will provide valuable insights into either NK or CAR

NK cell recruitment and function

Beyond integrin activation, NK cell function is also influenced by proinflammatory cytokines, in
particular IFN-y and TNF-a, which promote NK cell activation and cytotoxicity. These cytokines
upregulate ICAM-1 surface expression on the target cells through the NF-kB pathway, which
enhances their susceptibility to NK cell adhesion and killing. Given that LFA-1 activation can
further promote the secretion of these cytokines, examining the effect of ultrasound-stimulated
microbubbles on IFN-y and TNF-a level could provide valuable insights. Moreover, exploring the
effect of ultrasound treatment on CAR NK-92 cell tumoricidal activity by co-culturing sonicated
immune cells with their target tumor cells and quantifying their cytotoxicity would further reveal

the therapeutic potential of this strategy.
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7.2.3. Investigating the effects of ultrasound-stimulated microbubbles on CAR
NK cells homing and trafficking in vivo.

In vitro studies provide a controlled environment that enables the precise investigation of various
factors and allows the optimization of ultrasound parameters. However, they cannot fully replicate
the complexity of the in vivo conditions, where the treatment outcome is influenced by various
factors. As previously mentioned, using an MRI-guided focused ultrasound for BBB opening
facilitates immune cell recruitment and infiltration by transiently increasing the permeability of
BBB and triggering an immune response. While ultrasound-mediated BBB disruption offers
outstanding potential for brain cancer therapy, it is unclear whether BBB opening is a necessary
condition to increase immune cell trafficking, or whether microbubble-induced shear stress alone
is sufficient. A key approach for exploring the extent of ultrasound-assisted BBB opening is
delivering dextran molecules with varying molecular weights as drug surrogates. This helps to
identify ultrasound parameters that enable efficient delivery of therapeutic agents across BBB with
minimum tissue damage and hemorrhage. Next, immunohistochemistry could be used to evaluate
the extent of BBB opening based on the extravasation of dextran with varying molecular weights,
distinguished by fluorescent markers, into the brain. To assess ultrasound-mediated
proinflammatory response, immunohistochemistry must be performed to examine CAM
expression, while blood plasma should be evaluated for cytokine profile changes. Ultimately, the
influence of ultrasound treatment on CAR NK-92 cell homing and trafficking into the targeted
brain tissue can be examined through CD45 expression analysis. Investigating the effect of
ultrasound-assisted BBB disruption on trafficking and intra-tumoral activity of other effector
immune cells could provide further information on the broader immune response to ultrasound

treatment.

7.2.4. Exploring the potential of ultrasound-assisted BBB opening for
neuroinflammation

Microglia is a key primary resident immune cell in the brain, which is involved in the maintenance
of brain function, plasticity and immune defense. In GBM however, microglia contribute to
suppressive TME, by polarizing anti-tumor M1 macrophages to pro-tumor M2 phenotype,
resulting in tumor progression. In this context, therapeutic ultrasound could be a potential approach
for shifting microglia function toward an anti-tumor state. Multiple studies have investigated the

role of ultrasound alone or in combination with microbubbles on the activation of microglia.
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However, the ultrasound mechanism which leads to microglia modulation remains unclear. Given
that microglia express several mechanosensitive ion channels, it has been suggested that
ultrasound-induced radiation forces may modulate their activation. Additionally, BBB opening
using ultrasound-stimulated microbubbles leads to extravasation of blood-borne substances to the
brain parenchyma, further influencing microglia response. Therefore, ultrasound-mediated
microglia treatment induces the secretion of pro-inflammatory cytokines, which may trigger either
anti-tumor or pro-tumor response, which highlights the importance of optimizing ultrasound
parameters. Ultrasound frequencies below 1 MHz are typically used for BBB opening and
neuromodulation. However, at lower frequencies, the increased rarefactional period enhances the
risk of bubble collapse, which can result in uncontrolled BBB disruption and tissue damage. A
growing body of research has investigated the influence of ultrasound-mediated BBB opening on
inducing neuroinflammation or sterile inflammation [319]. To explore ultrasound-induced changes
in microglia function, brains of a subset of animals need to be harvested, followed by microglia
extraction. Evaluating microglia genomics and proteomics and correlating it to the long-term
survival would provide useful information. Additionally, microglia phagocytosis ability can be
examined by coculturing extracted microglia and Alexa-488 labelled GBM cells for 2 h. Microglia
then needs to be stained with anti-Ibal antibody, and quantify the fluorescence overlap via flow
cytometry. Examining the effect of ultrasound treatment on apoptotic activity of microglia via
ANXAS5/annexin V-FITC and PI, could further clarify the treatment potential. Lastly, it would be
interesting to examine the morphological changes of microglia using electron microscopy in
response to ultrasound treatment, as these structural modifications may influence their surveillance

activity [319].

7.2.5. Ultrasound-assisted cellular and cytokine-based immunotherapy

As previously discussed, the challenges of CAR NK cells as a standalone treatment can be solved
using therapeutic ultrasound. However, it would be beneficial to find strategies to further improve
the durability and function of administered CAR NK cells to promote their therapeutic effects for
malignant brain tumors. To this purpose, systemic cytokine delivery has been explored, which has
largely failed due to high systemic cytotoxicity and the risk of cytokine release syndrome.
Therefore, there is growing interest in local delivery of cytokine genes into tumor cells to minimize
the risk of systemic toxicity and autoimmunity. In this context, ultrasound-stimulated

microbubbles can be exploited for efficient delivery of cytokine genes into the tumor cells,
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enabling sustained cytokine secretion within the TME prior to CAR NK cells delivery. More
specifically, the intra-tumoral delivery of IL-2 and IL-15 can reshape the TME, along with
enhancing CAR NK cells survival, proliferation and prime their activation. Additionally, 1L-12
and IL-18 can promote CAR NK cells cytotoxicity by inducing the secretion of cytotoxic proteins
and INF-y, thus promoting their cytolytic function. The enhanced level of these cytokines in TME
can also upregulate the expression of activating receptors on CAR NK cells and decrease the
threshold of activating receptor signaling[12]. To implement this strategy, cytokine plasmid DNA
can be co-injected with microbubbles, and their cellular uptake can be triggered by ultrasound
exposure. Before combining this approach with CAR NK cell delivery, it is essential to evaluate
the effects of local cytokine delivery on immune cells infiltration and tumor growth. Once the
direct effects of cytokine delivery are identified, combination therapy with CAR NK cells can be
performed. To optimize the treatment outcomes, ultrasound-assisted CAR NK cell delivery needs
to be conducted 24-48 hours after cytokine plasmid delivery to allow sufficient cytokine secretion.
Subsequent assessments should evaluate key therapeutic effects such as CAR NK cell infiltration,

cytotoxicity, tumor growth and long-term survival.

7.2.6. Combination of CAR NK cells with immune checkpoint inhibitors

One of the escaping mechanisms of cancer from the immune system is suppressing the effector
immune cell activation via immune checkpoints. Immune checkpoints, suppressive molecules on
immune cells, keep the immune response in check and prevent autoimmunity. However, tumor
cells take advantage of immune checkpoints by overexpressing their ligands, which results in
immune exhaustion. Given the significance of immune checkpoints in immune evasion, numerous
pre-clinical and clinical studies have investigated the therapeutic effects of checkpoint inhibitors
across different cancer types. Most studies have focused on immune checkpoint inhibitors in
combination with T cell-based immunotherapies, including adoptive T cells and CAR T cells,
whereas relatively few have explored their efficacy on NK cell-based strategies. Similar to CAR
T cells, CAR NK cells also experience immune exhaustion, which is mediated by immune
checkpoints[320]. Key checkpoint receptors on CAR-NK cells that negatively regulate their
function include T cell immunoreceptors with Ig and ITIM domains (TIGIT), NKG2A,
lymphocyte activation gene-3 (LAG-3) and T cell immunoglobulin and mucin domain-containing
protein 3 (TIM-3). Among these, TIGIT is specifically significant, as it is expressed in all human

NK cell types and overexpressed on exhausted NK cells, which makes it a potential target for
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immune checkpoint therapies. TIGIT exhibits a high binding affinity to CD155, an adhesion
molecule that has been shown to often overexpress in malignant tumors. CD155 also interact with
CD226, a costimulatory molecule on T and NK cells. However, due to TIGIT’s superior affinity
for CD155, CD226 fails to bind to CD155, reducing CAR NK cells cytotoxicity. Therefore,
blocking TIGIT via checkpoint inhibitors can counteract this suppression, preventing CAR NK
cell depletion and promoting their cytotoxicity [320]. While a limited number of pre-clinical
studies have explored the potential of checkpoint inhibitors to improve CAR NK cell function, no
study has examined the combination of CAR NK cells with checkpoint inhibitors for brain
malignancies, likely due to the complexity of the brain environment. In this context, using
ultrasound-stimulated microbubbles for co-delivery of CAR-NK cells and TIGIT inhibitors,
simultaneously or with an interval, holds significant potential to revolutionize brain cancer

immunotherapy by promoting CAR NK cell function.

7.3. Conclusion

Ultrasound-assisted cellular immunotherapy has long been explored for the treatment of a wide
variety of cancers, with a growing interest in its application for brain malignancies. In this context,
this thesis focused on designing physiologically relevant in vitro studies to examine key aspects
of ultrasound-stimulated microbubbles in improving cellular immunotherapy. To this aim, first the
influence of fluid flow dynamics was established on endothelial cell physiology and their
susceptibility to ultrasound-mediated cell permeabilization. To better replicate in vivo conditions,
the role of different microbubble flow patterns was investigated on the efficiency of ultrasound-
assisted cell perforation. Following this, the influence of microbubble-induced shear stress was
explored on endothelial cells immunobiology, and ultimately CAR NK-92 cells recruitment and
trafficking. Overall, the findings of this study lay the foundation for a targeted and efficient

ultrasound-based strategy for brain cancer cellular immunotherapy.
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